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ABSTRACT 


A number of natural gas processing plants in Alberta 
have experienced a soil acidity problem, near the plant site, 
due to oxidation of elemental sulfur (which is a product of 
gas processing) blown from sulfur stockpiles and deposited 
on the soil. ~ Preliminary experiments at Innisfail, con- 
ducted previous to this investigation, showed thar liming 
restored plant growth to a soil which had been acidified to 
pH 3.7 by sulfur. The present study was conducted with 
soils from near a gas processing plant at Waterton, where 
soils had been very severely acidified (as low as pH 2.0). 
Experiments were undertaken to find if various acidified 
soils from Waterton could be reclaimed by liming; and to 
compare different types of liming materials, and methods and 


rates of application. 


From these experiments it was found that liming 
with high rates of CaCO, applied to a number of severely 
affected soils promoted a normal amount of plant growth in 
both the field and greenhouse. After Caco, was added to 
sulfur-acidified soils, plants were sown immediately and 
grew well. Thus these soils were immediately reclaimed by 


neutralization.of,,soid acidity sby CaCO3. 


Greenhouse, incubation, and field experiments were 


undertaken to determine the form and amount of lime best 
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for reclaiming soils varying in acidity and containing 
different levels of unreacted elemental sulfur. Ca(OH). 
applied at rates that exceeded the soil lime requirement, 
raised the soil pH to a level (up to pH 12.0) that pre- 
vented plant growth. However, chemically equivalent amounts 
of CaCO3 neutralized the soil acidity as quickly as did 
Ca(OH)>5 and did not raise the pH above 7.5. Excess Caco, 
did not harm plant growth and, also, compensated for 
potential acid production due to stimulation of sulfur 
Oxidation aS ea result vor vlamine. CaCO alleviated the 
salinity problem due to high sulfate levels prevalent in 
sulfur-acidified soils while MgC0, did not lower the salin- 


ity of the soils. Heavy rates of CaCO, promoted good, 


3 


normal plant growth on an array-of acidified soils. 


Lime applications to a soil depth of six inches, 
slowly began to diffuse downward neutralizing acid subsoil. 
Surface applied lime had little effect on sub-surface soil 
DH 

The results of studies in which elemental sulfur was 
added to normal, limed, and acid soils indicated that large 
amounts of sulfur (up to 9,000 ppm) were oxidized and soil 
pH lowered (down to 2.5) in a short period of time (12 
weeks). The sulfur oxidation was most rapid in a limed soil 


that was previously acidified. 


Chemical analysis of acidified, limed, and unaffected 
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soils demonstrated that liming eliminated the toxic levels 
of extractable Al and Mn present in acid soils, lowered the 
chemically extractable P, drastically increased the Ca:Mg 
ratio, somewhat. reduced the very large amount of soluble 
50), in sulfur-acidified soils, and restored the nitrifying 
ability of acidified soils. Also, N mineralization in acid 
soils was almost the same as in limed soils, when comparing 


mineral N accumulation after incubation. 


Chemical analysis of oats and barley grown on 
acidified (pH 3.5), limed and unaffected soils demonstrated 
that N:S ratios were narrow when plants were grown on limed 
or unlimed sulfur-acidified soils, the plant P content was 
decreased by acidity and partially restored by liming, the 
Ca:Mg ratios were normal, and plant Mn levels varied with 


soil Mn. 


The previous results prove conclusively that soils 
made barren by extreme soil acidity were not permanently 
sterile. That is, adequate applications of the proper form 
of lime readily counteracted soil toxicity and promoted 


good, normal plant growth. 
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I. INTRODUCTION 


The past decade has witnessed an upsurge of interest 
concerning the effect of modern civilization upon the envir- 
onment. The idea of limitless resources has ended. Today, 
previous damage to the environment is being repaired. Also, 
numerous attempts are being made to find methods of reaping 
the benefits of modern technology without ruining our sur- 


Pounoines. 


In Alberta, the majority of the natural gas contains 
Significant quantities of hydrogen sulfide. For many years 
this "sour" gas was of little use as a fuel due to the sulfur 
content. In recent years (1950's) the process of removing 
the sulfur from the gas has been developed. This process has 
resulted in large amounts of usable natural gas and elem- 
ental sulfur. But the process of sulfur removal has caused 
certain problems concerning soil and water quality in the 
immediate vicinity of the natural gas processing plants. 
After the sulfur is removed from the gas it was previously 
poured into frames where it solidified into hard blocks. In 
order to transport sulfur by railway, the stockpile-sulfur 
was first ground to a powdered form, and then loaded into 
hopper cars. This grinding process was extremely dusty. If 
a wind was blowing at the time, considerable amounts of sulfur 
were carried downwind and deposited resulting in a serious 


soil acidity problem, due to oxidation of elemental sulfur 
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by microorganisms. Recently a "slating" process has been 
developed whereby sulfur is solidified into very small blocks 
which can be stored and transported without grinding. This 
process only partially reduced the sulfur dust problem and 


sulfur deposition’ on) soil’ was. still prevalent. 


Due to the concern of Shell Canada towards the soil 
acidity problem, their gas plants at Innisfail and Waterton, 
Alberta, were selected as the sites at which to investigate 


this problem. 


Preliminary studies (previous to the beginning of 
this investivayi.on) at. the Innistail plant: indieated that 
the neutralization of one sulfur-acidified soil with lime 
would restore plant growth to that soil. At Waterton, 
however, the acidity problem was more extensive and included 
soils with a range of pH values and levels of unreacted 


elemental sulfur. 


Thus, the main objectives of this investigation 
were, to determine the form, amount, and placement of lime 
necessary to return plant growth to the sulfur-acidified 
areas at Waterton; and to determine the effect of acidity 
and liming on-soil and plant chemical composition. A sec- 
ondary objective was to determine the rate of soil acidifi- 


cation after sulfur application. 
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II. LITERATURE REVIEW 


The purpose of this literature review is to invest- 
igate sulfur acidification problems similar to those found 
at Innisfail and Waterton, the reasons for acid soil in- 
fertility, theweffects of liming acid vscilsytand whercon- 


ditions and organisms responsible for sulfur acidified soils. 


A. »orl Acidity Due to Sulfur Oxidation 
1. Naturally occurring Sulfur-Acidified Soil: 

The oxidation of reduced sulfur compounds has re- 
sulted in the formation of extremely acid soils in numerous 
coastal regions throughout the world. These soils are 
found mainly in tropical and subtropical coastal regions; 
such as Sierra Leone (Dent 1947, Hart 1959, Hart 1962, 
Jeffrey 1963); Suriname (Pons 1965), Indo China (Watt: 1968), 
and Gambia (Evans 1966). Some countries in the temperate 
climatic zone have also experienced this problem. These include 
the Netherlands (Edelman and Van Stavern 1958), Japan 
(Murikami 1968), and the United States (Edelman and Van 


Stavern 1958, Fleming and Alexander 1961). 


The acidified soils are commonly referred to as 
katteklies (cat-clays) or acid sulfate soils. Cat-clays 
form in tidal mangrove swamps, marshy backswamps of the 
seaward side of river deltas, or in lands that have been 


empoldered (Edelman and Van Stavern 1958, Moorman 1963). 
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The acid soils form when reduced sulfur compounds 
(pyrites, polysulfides, and elemental sulfur) are oxidized 
(Harmsen et al. 1954, Hart 1962, Quispel et al. 1952). These 
reduced sulfur compounds accumulate as the result of sulf- 
ates from the sea water being reduced by bacteria under 
waterlogged (anaerobic) conditions in the soil (Edelman and 
Van Stavern 1958, Fleming and Alexander 1961). This en- 
richment of the soil with sulfides may be enhanced by the 
translocation of sulfates from neighboring soils to a 
waterlogged (reducing) soil (Thornton and Giglioli 1965). 
The most common form of reduced sulfur which accumulates in 
these soils, is pyrites. This is due to the abundance of 


iron in most of the soils. 


Under reducing conditions, the potential acid sulf- 
ate soils (cat-clays) are called "mud-clays" and have a pH 
value near neutrality (Edelman and Van Stavern 1958, 


Moorman 1963). 


If the anaerobic environment ceases to exist due 
to drying of the soil, the reduced sulfur compounds begin 
to oxidize. As the soil dries (due to the onset of the 
dry season or empoldering and draining the land) the pyrites 
(and other polysulfides) oxidize to form ferric sulfate and 
Suliuric acid. the production of sulfuric acid lowers (the 
soil pH value to a minimum of 2.0 to 2.5 (Edelman and Van 


Stavern 1958, Fleming and Alexander 1961, Hart 1959, 
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Murakami 1968). 


It is generally agreed that the oxidation of poly- 
sulfides follows a two step mechanism. Firstly, there is a 
strictly chemical or autocatalytic decomposition of the 


Cra, .o5h. 


least stable part of the soil polysulfide (Harmsen 
Hart 1962). In the case of pyrites, the molecule chemically 
splits and the iron oxidizes and the sulfur accumulates in 

the elemental form (Quispel et al. 1952). Pyrites are stable 
at pH values near neutrality and quite reactive as the pH 
becomes more and more acidic. But some polysulfides are 
relatively unstable at neutrality. Thus, there is a rapid 
accumulation of small amounts of elemental sulfur immed- 

iately after the soil is aerated (Hart 1962). Since pyrites 
are considered to be unstable below pH 3.5 to 4.0, it was 

very puzzling to learn that some pyrites are relatively 

stable at pH 2.0 (Harmsen et al. 1954, Hart 1962). There are two 
hypotheses to explain this anomally: (i) Pyrites exist in 

the soil as relatively insoluble particles of various size. 
Thus, small particles are readily oxidized and larger ones 
persist much longer (Hart 1962). (ii) Pyrite resistance 

to oxidation may be due to different proportions of phos- 

phate to pyrites in some soils. Phosphates inhibit iron 
oxidation. Thus, high levels of phosphate may stabilize the 


pyrite molecule (Harmsen et al. 1954). 


The second step in the production of sulfuric acid 
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from polysulfide oxidation is the microbial oxidation of 
accumulated elemental sulfur (Hart 1959). This second step 
catalyzes the first, and is limited in rate by the pro- 
duction of elemental sulfur by the first step (Hart 1962, 
Quispel et al. 1952). The organism responsible for the 


oxidation of elemental sulfur is Thiobacillus thiooxidans. 


There are two sources, besides microbial ‘oxidation, 
of the sulfates in cat-clay soils. These are: (i) trans- 
location from surrounding areas by leaching or lateral 
diffusion, and (ii) accumulation of sulfates from a highly 


saline water table (Thornton and Giglioli 1965). 


Another source of sulfuric acid is the basic ferric 
sulfate formed when the pyrite oxidizes. This molecule is 
unstable and slowly hydrolyzes, forming more acid in the 


process (Edelman and Van Stavern 1958). 


The main effect of the extreme acidity is that of 
sterilizing the soil. The following are a number of factors 
CONUrMuUbINg tO soll sterility: 
(i) the very high hydrogen ion activity (Moorman 
1963); 

(ii) the increase in the solubility and, thus, 
avallabilicy Of potentially toxic 16ns. These 
include iron, aluminum, and manganese (Dent 


1947, Evans 1966, Murakami 1968) ; 
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(a) decrease in availability of some essential 
nutrients such as phosphorus and nitrogen 


(Jeffery 1963, Murakami 1968, Watts 1968). 


Cat-clay development may have an effect on the clay 
mineralogy of soils (Horn and Chapman 1968, Lynn and 
Whittig 1966). Under a reducing (mud-clay) environment, 
sulfide accumulation may cause interlayers to form in 
expandable 2:l layer silicates. That is, chlorites may be 
synthesized. After oxidation and acid formation, the clay 
mineralogy remains unchanged for some years. But after 
sixty years clay minerals show general deterioration in 
crystallinity and chlorites show a marked destruction; 


probably altering to montmorillonite. 


In managing mud-clays, two points of view have been 
expressed. Firstly, prevention of soil drainage so that 
aeration, and subsequent acid formation, does not occur. 

If this recommendation is adopted, these soils are useless 
for agriculture. It has been suggested that these areas 
onupevential cat-clay formation should be set aside for 

such uses as wildlife refuges (Edelman and Van Stavern 1958). 
The second approach is to allow the soils to drain, “and then 
reclaim them after acidification has taken place. The fol- 
lowing methods have been used to reclaim acid sulfate soil 


areas in various parts of the world: 


(i) promote drainage to allow for rapid aeration 
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and acidification to occur. Over time, the toxins and 
acids will leach from the soil and eventually the soils 


will be useful for agriculture (Moorman 1963). 


(ia) “imine vandMterti i gation Thesaddicioneot 

liming materials and fertilizers has been widely used 
in reclaiming cat-clays. The effects of lime are the 
following: (a) stimulation of sulfur oxidation by 
raising the soil pH to a range favourable to Thiobacillus 
thiooxidans (Hart 1959), 

(b) prevention of pyrite decomposition. Pyrite 
stability increases with a rise in soil pH (Hart, 1962). 

(c) Decreasing toxic ion availability and 
increasing nutrient ion availability. Liming decreases 
available levels of such potentially toxic elements as 
Al, Fe, Mn, and H; and increases availability of nutrients 
suchias phosphate’ (Tomlinson’ 1957; Shoep™et alvelgo1)® 
All reports indicate that liming cat-clays to neutrality 
and heavy phosphate applications greatly improve the 
chemical status of these soils (Chenery 1954, Hart 1959, 


Murakami 1968). 


When liming a sulfur-acidified soil there are two 


important factors to consider. Firstly, the lime application 


must be sufficient to neutralize the present acidity plus 
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that which will be produced due to sulfur oxidation stim- 
ulation. Secondly, the form of lime used must not raise 
the pH value to a point where plant growth is inhibited 


due to an alkaline soil pH (Hart 1959). 


pa oULLUr heiditicationsduc to Industry: 

(a) Strip mining within a watershed in western 
Kentucky has produced enough acid water to significantly 
pollute the streams and groundwater, and produce extreme 
soil acidity.) .he, oxidation,of. iron sul fidesnin the 


absence of calcium carbonate resulted in ferric sulfate and 


sulfuric acid production (Blevins et al. 1969, Kohnke 1950). 


The acid caused an increase in solubility of such 
potentially toxic elements as iron, aluminum, manganese, 
zinc, lead, and arsenic. The high aluminum levels were 


the major plant limiting factor. 


The addition of lime readily neutralized the alum- 
inum acidity. Lime plus phosphorus, applied to the soil, 


greatly increased corn yields. 


The recommendations for alleviation of the acidity 
were the following: (i) adequate drainage, (ii) reduction 
of further contamination by flood control measures and 
careful planning of further mining operations, (iii) adjust- 
ment of soil pH to 6.0 - 6.5 with lime, and (iv) supply 


phosphorus and other nutrients as deemed necessary. 
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(b) The removal of sulfur from natural gas resulted 
in deposition of elemental sulfur dust downwind from a gas 
processing plant near Innisfail, Alberta. Microbial oxi- 
dation of the soil-deposited sulfur acidified the soil toa 
point where plant growth was seriously inhibited (Nyborg 
and Schurer 1972). Soil pH was lowered to between 3.1 and 
4.6 in a 3 acre area which had been barren for 5 or 6 years. 
Because the soil was barren, it was subject to erosion and 


much of the surface soil had been removed by water. 


A preliminary greenhouse experiment indicated that 
liming the soil to neutrality with Ca(OH). would restore 
a normal degree of plant growth to the sulfur-acidified 
soil. Subsequently, a field project was established to 
verify the greenhouse results. Plant growth on the limed 
acidified soil was very adequate but was not as great as on 
a normal soil in the same region. Underliming portions of 
the acidified area and low water infiltration on this eroded 


soil were presented as reasons for lower plant yields. 


From this field project a full-scale reclamation of 
the acidified area was undertaken. Due to a wide variation 
in soil acidity it was inevitable that some of the area 
would receive excess lime and some would be underlimed. 
Thus, CaCO. was applied to the soil as excess amounts of 
this compound would be less harmful than over-liming with 
Ca(OH)... 
plant growth (pH>8). 


Ca(OH), may raise soil pH high enough to harm 
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B. Acid Soil Toxicity to Plant Growth 


The general infertility of soil observed as soil 
acidity increases is due to the increase in availability of 
certain toxic elements, the decrease in availability of some 
essential plant nutrients, and detrimental effects on cert- 


ain microbial processes in the soil. 


The major toxic effects of various elements arising 
in acidified soils are as follows: 
1) Hydrogen ion toxicity (Jackson 1967). When only the 
hydrogen ion concentration is increased, there is general 
root damage when the pH value drops below 4.0 in the immed- 
iate root environment. That is, the toxicity is due to root 
tissue coming into direct contact with free inorganic acid 
of concentrations sufficient to damage living cells. 
2) Manganese toxicity (Bortner 1935, Hale and Heintze 1946, 
Morris 1948). There is general agreement that decreases in 
soil pH are highly correlated with increased exchangeable 
and soluble manganese in soil; and with increased 
manganese in the plant. Plant injury is also well correl- 
ated with higher soil and plant manganese levels. A soil 
pH value of approximately 5.0 is the point where soil 
manganese levels become either harmful or harmless depending 
on whetherssoit acidity *issincreasing orvdecreasing./ePlant 
sensitivity to manganese varies widely. Manganese toxicity 


symptoms were noted at tissue manganese levels of 1,000 ppm 
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in beans, 550 ppm in peas, and 200 ppm in barley. Manganese 
toxicity may be somewhat alleviated by additions of calcium 
or phosphate; but decreasing manganese availability is the 
only met Rective method of reducing toxicity. 
3) Aluminum toxicity (Jones 1961, Magistad 1925, McLean 
and Gilbert 1928, Pierce and Stuart 1933). The solubility 
of aluminum increases somewhat as soil pH is lowered to 
approximately 4.5; then the solubility increases rapidly 
below this point. As the level of soluble aluminum in- 
creases, the amount in the plant increases correspondingly. 
The primary toxic effect of aluminum is the precipitation of 
phosphate, both in the soil and plant. This effect can be 
partially overcome by additions of superphosphate to the 
soil. As in the case of plant sensitivity to manganese, 
plant species vary widely in their tolerance to soluble 
aluminum. In some tolerant species, aluminum is taken into 
the plant, but the aluminum remains soluble even at neutral- 
ity. Thus, the plant can retain its phosphate status in 
the presence of aluminum levels detrimental to other species. 
It has been hypothesized that organic acids produced by the 
plant, act as chelating agents which prevent aluminum pre- 
cipitation. 
4) Other toxic elements: 

(a) Copper (Olson et al. 1971) - ‘There-is an increase 
in solubility of copper compounds as the soil becomes more 


acid. Whether or not this is harmful to plants depends on 
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the total amount of copper in the soil. 
(b) Zinc (Olsen et al. 1971) - Zinc toxicity only 
occurs where there are very high levels of zinc compounds 


in therscias 


The second major detrimental effect of soil acidity 
is deficiencies of certain elements resulting from lowering 
of the solubility and availability to these elements. 

1) Calcium deficiency (Melsted 1953, Olson et al. 1971, 
Wallace and Hewitt 1948). It has been observed in corn and 
potatoes that a major -reasoned ori sol iuntertilsty sat acid 
pH values is a lowering of plant available calcium, which 
is caused by high exchangeable and soluble aluminum levels. 
In general, when the pH is below 4.5 and exchangeable cal- 
cium is less than 2 me. per 100 g. of soil, the deficiency 
Symptoms become apparent. 

2) Phosphate deficiency (Birch 1951, Jackson 1969). There 
is wide agreement that decrease in plant available phos- 
phate is a prime cause of acid soil infertility. As soil 
acidity increases there is a corresponding increase in both 
aluminum and iron oxide bound phosphate. Also, aluminum 
becomes the major cation on the exchange complex. This 
results in phosphate-aluminum-colloid linkages. ALT of 
these "bound" phosphates are quite unavailable to plants. 
3) Molybdenum deficiency (Jones 1957). The behaviour of 
the molybdate ion, as soil acidity increases is analogous 


to that of the phosphate ion. The adsorption of molybdenum 
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by ferric and aluminum oxides, and clay colloids depends 
on soil pH and molybdenum concentration in solution. 
4) Other deficient elements: 

(a) Magnesium (Kamparth and Foy 1971). A low soil pH 
accompanied by high aluminum levels contributes to reduced 
magnesium uptake by plants. 

(b) Potassium (Kamparth and Foy 1971). In general, 


very acid soils decrease potassium availability to plants. 


The major microbial processes affected by soil 
acidity are symbiotic nitrogen fixation, and nitrogen, 
sulfur, and phosphorus mineralization (Jackson 1967, 


Kamparth and Foy 1971). 


1) Symbiotic nitrogen fixation (Kamparth and Foy POIs) 

(a) Microbial growth and survival: Rhizobia fail to 
Brow well; af at all, in acid soils due directly to hydrogen 
ion effects. Poor growth may also be due to calcium and 
magnesium deficiencies in the acid soils. 

(b) Nodulation: It is not clear whether poor nodu- 
lation is due to the direct effect of acidity (high hydrogen 
and aluminum activity) on the inoculation and nodulation 
process; or to a lack of viable organisms. However, to 
restore dnoculation and nodulation in-an acid soil, it is 
necessary to raise the pH plus supply calcium at levels 
greater than that required by the host plant. 


(c) Nitrogen fixation: The restoration of a neutral 
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soil pH alone will not necessarily restore the nitrogen- 
fixing ability of legumes. Both the calcium and molybdenum 
requirements for nitrogen fixation are greater than the 


requirement “oF the™host plant’: 


2) Mineralization of soil organic matter (Jackson 1967). 

(a) Ammonification and Nitrification: The general 
trend is for ammonium to accumulate in soils of low pH. 
Since many organisms, with a wide range of acidity tolerance 
(e.g. fungi), have the ability to produce ammonium from or- 
ganic matter, ammonification will occur at low soil pH. But 
the conversion of ammonium to nitrate is severely limited 
at pH values below 6.0. The abnormal proportions of ammon- 
ium and nitrate in acid soils may affect plant growth; as 
many species cannot efficiently use ammonium in acid con- 
ditions. The presence of ammonium (rather than nitrate) 
results in lowered calcium, magnesium, and manganese contents 
and increases phosphorus and chlorine contents in some plants. 

(5) Sulfur minéralization: The mineralization rate of 
sulfur increases as acidity decreases. A three fold increase 
in sulfate production occurred after the pH of a soil was 
raised from 4.0 to 5.0. The release of plant available 
sulfur is limited by inhibition of organic matter breakdown 
under acid soil conditions. 

(c) Phosphorus mineralization: Organic phosphorus 
mineralization increases with the soil pH. In acid soils, 


the most abundant organic phosphorus compounds are very 
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insoluble aluminum and iron phytates. Increasing soil pH 
generally causes mineralization of phytate phosphorus and, 
thus, more phosphorus becomes plant available. 

(d) Organic matter mineralization and its effect on 
micronutrient release: There is evidence that microbe 
activity alters the solubility or oxidation states of 
manganese, zinc, copper, aluminum, iron, and molybdenum; and 
hence, toxicities and deficiencies are altered. Thus, soil 
pH variations which influence microbial activity will in- 


directly affect the activity of many elements in the soil. 


Gaiethelltitects To biminestcidmsolls 


The effect of liming an acid soil largely benefits 
the nutrient status of the soil. This is accomplished by 
lowering the plant available levels of certain toxic ele- 
Menus; (hls He Nnjeebysrarsine the avalleabilaty of -cercain 
plant nutrients (P, Ca, Mo), and by restoring a favorable 
environment for most microbial activity. In the case of 
certain minor nutrients (Bo, Cu, Zn, Mn), liming may de- 
crease their availabilities and plant deficiency symptoms 


may arise. 


1) Liming Materials 

In order to obtain the desired effects from liming 
an acid soil, there are a number of factors to consider 
pertaining to the liming materials to be used. These 


factors include form, fineness, and amount of liming 
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material applied to the soil. 


The major forms of EE ea calcitic (pure CaCl.) 
and dolomitic (CaMg(CO3) 5) limestone; and their correspond- 
ing hydrates (Ca(OH)> and CaMg(OH),), and oxides (CaO and 
CaMgO>). Pure dolomite is comprised of 21.6 % Ca and 
IMIG Mote lin “szenerals acalecitie “limestones sis 
more rapid acting than dolomite, both chemically arid biol- 
ogically (Beacher et al. 1952, Beacher and Merkle 1949). 
Magnesium liming materials may be slightly more effective 
in soils which are very deficient in Mg (Crowther and 
Walker 1952). The hydrated lime forms are approximately 
the same as fine limestone (less than 200 mesh) in speed 
of action and effectiveness (Beacher and Merkle 1949). The 
oxides of calcium and magnesium are similar in effectiveness 
to ground limestone, of which 40 % will pass a 100 


mesh seive (Crowther and Walker 1952). 


The fineness of limestone greatly affects the 
ability orelime tovneutralize thestoxicity of acid soils, 
In general, coarse limestone is much less effective than 
finer lime in correcting all conditions that develop in an 
acid soil (Beacher et al. 1952, Crowther and Walker 1952, 
Hoyert and Axley 1952). Only extremely high rates of 
coarse lime (10 - 20 mesh) tend to gradually approach the 
effectiveness of 100 mesh limestone. Limestone which is 


less than 200 mesh is approximately as efficient as the 
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hydrated form; 100 - 200 mesh limestone is slower acting; 
and less than 20 mesh limestone is about 1/3 as effective 


as hydrated lime (Beacher and Merkle 1949). 


The amount of lime influences the amelioration of 
soil acidity problems (Beacher et al. 1952, Rixon and 
Sherman 1962). The satisfaction of the lime requirement 
of a soil by 100 % was as effective as adding 200.— 400 % 
of the lime requirement. Lime added at a rate of 
50 % of requirement failed to inactivate the, 
aluminum and manganese. When 400 % of the lime 
requirement was satisfied by hydrated lime, the pH was 
raised sufficiently high to cause plant yield reductions. 
Also, the "replaceable" phosphate was reduced when the pH 


FOSe 74 Dover -.u. 


2) Effect of Placement on the Efficiency of Liming Materials 
fhe incorporation of lime into the soil, by tillage 

equipment, is the most efficient method of neutralizing soil 

acidity (Barber 1967). In some instances, however, it may 

be desireable to apply the lime to the soil surface. For 

example, on grassland and in forested regions, lime cannot 

be incorporated into the soil without detriment to the 


vegetation. 


A number of experiments have been carried out to 
determine the feasibility of neutralizing soil acidity at 


depth by surface applications of lime. For most soils a 
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minimum of 10 years is required for the neutralization of 
the top six inches of soil (Longnecker and Sprague 1940, 


Brown and Munsell 1936). 


From the experiments on lime penetration reviewed, 
the following results and discussion were obtained: 
1. Limestone and hydrated lime raised the pH sharply in 
the top four inches, 42 months after application. 
Hydrated lime was less effective as it caked and, thus, 
dissolved more slowly (Longnecker and Sprague 1940). 
Pilea OL eCat ton. Of, Calo, to the, top sax anches of i011; 
Gaised the pH sienificantly to, a depth of 36, inches. 
This pH rise was realized 20 years after application. 
Doel years a ber a surtace applicationgom CaG, tne, soil 
DH was raised slightly to .a depth of nine. inches. edhe 
greater part of the lime remained at the point of appli- 
cation (Nelson 1929). 
4. A considerable length of time is necessary for a 
surface application of lime to penetrate to the sub- 
surface soil. In general, a surface application of lime 


does Nob affect the subsoil (Stewart and Wyavt 1919). 


D; Organisms Involved in EhesOxi Gatton OL. BHiement al) ouliur 


There are a number of organisms which have the 
ability to form sulfates from reduced sulfur compounds. 


These organisms include heterotrophs, photo-autotrophs, and 
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20 
chemo-autotrophs. 


The most important organisms involved in the oxi- 
dation of sulfur compounds are themembers of the species 
EnVObea ciel Le UnrOparus, ). .denitrittcans, andl. 
vove LLUSrarercommonmin SOl1ts, (la thlooxmdans: and 1, 
ferroxidans are found only where there is considerable 
elemental sulfur and the reaction is acid (Starkey 1965). 
Because thiobacilli derive all of their energy from sulfur 
compounds, and because these substrates do not 
normally accumulate in soils, it would seem logical that 
thiobacilli should not be common to soils. There are two 
hypotheses to account for their presence: sulfur substrates 
are produced consistently but do not persist, or the 
bacteria are mutants of soil bacteria with less specific 


nutritional requirements (Starkey 1965). 


1. thiooxidansrprincipally oxidizes selemental 
Suifun orivhiosulfabe wo yield seneresys oelhis® specresiis 
extremely acid tolerant. It develops best at pH 2.0 - 3.0 
and can produce 1.0 M sulfuric acid (Starkey 1965). The 
following physiological characteristics are common to I. 
COLOOMLOaNS +: 
1. Sulfur oxidation is most rapid in early stages of growth, 
then growth decreases as the production of H250) increases 
(Li and Caldwell 1966). 
2, The energy use efficiency decreases as the H250, con- 


centration increases (Starkey 1925). 
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3. Temperatures above 50°C are fatal. Optimum growth 
occurs between 27°C and 30°C. Oxidation is very slow 
when the temperature is less than 10°C (Li and Caldwell 
1966). | 

4. The organisms are not resistant to desiccation and 
die out readily in the absence of moisture. Optimum oxi- 
dation is when moisture is at field capacity (Moser and 


Olson 1952, Attoe and Olson 1966). 


The-above: characteristics of T..thiooxidans indicates that 
summer soil moisture and temperature conditions in Alberta 
will promote rapid oxidation of elemental sulfur deposited 


on the soil surface. 


Thiobacitlus thioparus is widely distributed in 
soils and grows best when pH is near neutrality. These 
organisms aerobically oxidize thiosulfate, sulfide, 
elemental sulfur, tetrathionate, and thiocyanate. Sulfate 
is the principal product, but some thiosulfate is.also 


formed (Starkey 1950). 


Thiobacillus ferrooxidans resembles T. thiooxidans 
a6 it 18 acid tolerant. “This organism nas the ability to 
use energy from aerobic oxidation of ferrous iron at acid 


reactions between pH 2.5 to 3.5 (Starkey 1965). 


(ivobaciilivspp. obtaineall encrey, necessary tor 


growth from the oxidation of inorganic sulfur compounds to 
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sulfate, andutilize CO, as the carbon source (Peck 1962). 
For example, two energy producing reactions of T. thiooxidans 
are (Starkey 1925): 


1. 25 + 2H20 + 309 -—» 2H,SO, + 283.6 calories. 


4 


2. NagS20, + 205 + H50 —+ Nay SO, + H2S0, + 216.4 calories. 


4 


SUMMARY OF LITERATURE REVIEW 


In many regions of the world, the oxidation of 
reduced sulfur compounds has resulted in serious soil 
acidification. The problem is largely alleviated by large 


applications of a suitable liming material. 


Acid soil infertility is due to the increase in 
availability of toxic elements and the decrease in availa- 


bility of nutrient elements as soil acidity increases. 


The main beneficial effects of liming are to 
reverse the trends caused by a fall in soil pH. That is, 
toxic elements such as Al become unavailable and nutrients 


such as phosphates become more available. 


The bacteria of the genus Thiobacillus readily 
oxidize reduced sulfur compounds under suitable soil moist- 
ure and temperature conditions. These organisms are capable 


of lowering a soil to pH 2.0 within a few weeks. 
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IIT. MATERIALS AND METHODS 
INTRODUCTION 


The soils used, for the most part, were obtained 
from the immediate regions of the Shell,.Ganada natural 
gas processing plants located near Waterton (figures 1 
and 2) and Innisfail, Alberta. A description of each soil 
and the approximate sampling location are indicated in 
table 1 and figures 1 and 2. The letter assigned to each 
soil in table 1 will be used to designate that soil through- 
out the thesis. The various soil samples were air dried and 
ground to pass a 4 mesh seive for greenhouse experiments and 
a 16 mesh seive for all chemical analyses. The soil samples 
were used in greenhouse, incubation experiments, and for 
chemical analysis. The organic matter content of soils 
presented in Table 1 was determined from the total N level 
(N multiplied by 16) of the respective soils (Bremner 1965). 
Statistical tests performed on some greenhouse and field 
plot experiments were Analysis of Variance and Duncan's 


multiple range test (Steel and Torrie 1960). 


The experiments conducted included two greenhouse 
projects comparing liming rates and forms; two incubations, 
one which compared liming forms and rates and the other 
determining the rate of soil acidification after sulfur 


application; four field plots at Waterton and two bush 
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Table 1. Description of soils used for greenhouse and 
laboratory experiments. 
Soil Location on Original Texture 0.M. % Elemental 


Q 


figures. 


Waterton | 
400E, 400S 


Waterton 
300E,, 3300S 


Waterton 
1600E, 4008S 


Waterton 
1600E, 4008S 


Waterton 
600E, 4008S 


Waterton 
E2008, 4005 


Waterton 
1400E, 200N 


Waterton 
1600E, 800N 


Waterton 
West of 
plant site 


Waterton 
SO0CE,.L00S 


Waterton 


Innisfail 
South (nil) 


Innisfail 
South (lime) 
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(acidified 
area) 
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(normal) 
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plots at Waterton; laboratory projects to measure the down- 
ward movement of lime; chemical analysis of limed and un- 
limed soils; and the determination of the chemical compos- 
ition of plants grown on acidified, limed, and unaffected 


soils. 


A. Greenhouse and Incubation Experiments 


1. <A Comparison of Ca(OH)2 and CaCO3 Applications on 
Two Suilfur-AcidifiedsSoivs (Seals Aeand: BYS 


The first greenhouse and incubation experiments 
were undertaken to determine the effect of Ca(OH). versus 
CaCO3 on soil pH, elemental sulfur oxidation, and plant 
growth. The soils used were A and B. Soil A was a sandy 
Joam havingransoriginal=plwor 20; containing: 24 2%-0oreanic 
matter, and had an unreacted elemental sulfur level of 600 
opm (able Wee SoillB was@venyesimilar torsoid Aeas to 
organic matter content, texture, and sulfur level, but was 


less severely acidified (pH 3.6). 


The experiments were arranged in a Randomized 
Complete Block design, with 6 replicates and 7 treatments 
for each soil. In the greenhouse, 1400 g. of soil were 
weighed into each pot. One hundred g. of soil were weighed 
into 150 ml. erlenmeyer flasks in preparation for incubation 


Somer oe 


The treatments were three rates each of Cal03 and 
Ca(OH),, plusfasconbroleton each replicate «The; limesre- 


quired for Soils A and B was determined by measuring soil 
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pH after the soil was equilibrated for three days with serial 
additions of Ca(OH), and CaCO,. The lime additions were 
thoroughly mixed with 20 g. of soil and to this mixture was 
added 50 ml. of water. The amount of lime which neutralized 
the soil was converted to parts/million and then to tons/acre 
assuming that one acre of soil weighs 2 million lbs. This 
amount of lime was considered to be the lime requirement for 
that soil. The first treatment of lime added to soils A and 
B was the lime requirement rate. The second rate was twice 
the lime requirement; and the third rate was four times the 
lime requirement. The treatment rates for soil A were 
equivalent to 15 tons per acre, 30 tons per acre, and 60 

tons per acre of Ca(OH)9; and 20.3 tons per acre, 40.6 tons 
per facre, and Si72-tons per acre of CaCO3. The treatments 
for soil B were 15, 10, and 20 tons per acre of Ca(OH). and 


6.5, 13; and 26 tons per acre of Caco The corresponding 


3° 
treatments of Ca(OH). and Cac0. were chemically equivalent 
as to the amount of Ca added. 

(a) Effect of lime on plant growth in greenhouse: 

In the greenhouse, both Soils A and B were cropped 
twice. Four species of plant were grown on each soil when 
they were first cropped. On soil A, Fairway Crested Wheat 
and Carlton Brome grass were seeded in each treatment of 
three replicates. Climax Timothy and Olds Creeping Red 
Fescue were planted on the other three replicates. That is, 


two species of grasses were sown in each pot. Approximately 


30 seeds of each grass were planted. On Soil B, Carlton 
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Brome and Olds Creeping Red Fescue were planted in each 
pot on three replicates, and Ladak Alfalfa and Pendek Oats 
were seeded on theother replicates. Ten seeds of oats and 
30 seeds of the other plant species were planted in each 


pot. 


Before seeding, each pot of soil was fertilized 
with 100 ppm of N as NH) NO. and 40 ppm of P as KH,PO). 
Nitrogen was reapplied as a top dressing after each cutting 


of the plants. 


The plants were counted upon emergence, and then 
harveswed at © week intervals, '0r 2 total Of 3 cuttings 
Ofecoil Neand 2 cutctanes, (only J cutting tor oats) on. coi! 
B. Dry weight plant yields were measured for all treat- 


ments. 


Oats and Galt Barley were seeded on both Soils A 
and B for the second cropping. Oats were seeded (10 seeds) 
on three replicates and Barley (10 seeds) on the other 
three. The plants were counted upon emergence and, then, 
harvested after 6 weeks and the dry weight yields measured. 

(b) Effect of lime on pH and elemental sulfur content 

or "the soul: 

The incubation experiment was designed to monitor 
soil pH and elemental sulfur content over an extended period 
of time. The soils were maintained near field capacity and 


the temperature held constant at 22°C. The pH of both soils 
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A and B were measured at intervals of 0, 3, 9, 27, 81, and 
273 days. One of the six replicates on each soil was used 
at each date of measurement. Elemental sulfur was measured 
only on soid Avas the initial sulfur contents. of both soils 


were equal. 


The soil pH measurement was obtained using a 
2-5: water to soil ratio (Peech 1965). The elemental 
sulfur was measured using a modification of the Hart 


method (Appendix VII). 


The greenhouse soils were sampled at cutting time 
during the first cropping, and before and after the second 
cropping. The soil pH was measured on all soils, while 
elemental sulfur was measured only on the Soil A samples 


Gbban ned during: firsu cropping. 
2. Comparison of CaC03 and MgCO3 Applications on Two 

Acidified Sovlis (Soils J and kK): 

The second greenhouse experiment was designed to de- 
termine the effect of CaCO3 versus MgCO3 on soil pH, elec- 
trical conductivity, and plant growth. The soils were two 
medium textured soils having an extremely acid pH and a very 


high level of elemental sulfur. 


The experiment was arranged in a Randomized Block de- 
sign with 8 treatments and 3 replicates for each soil. The 
lime: was added to S00 2. of soil, in -each pou, ab a race ot 


10 per cent (50 2.) of the soil weight. The seven liming 
treatments were comprised of various combinations of CaC03 


and MgCO3, Raricane. 1 romelOO {oermncent CaCO, to lOO per -cent 
MgC03. 
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(a) Effect of Lime on Plant Growth: 


Pendek Oats were seeded, at a rate of 12 seeds 
per pot, in each treatment. The soils were fertilized 


withi 200 pomrofaNmatas NH) NO3) and 40 ppm of P (as 
KH5PO)). 


A number of plant emergence counts were taken 
to observe the effect of lime form on plant germination 
and emergence. The oats were harvested after 34 weeks of 


growth, and dry weight yields were determined. 


(ob) Effect of Lime on pH and Electrical 
Conductivity: 


After the oats were harvested, the soils were 
dried and seived. A saturated soil paste extract was 
obtained from each treatment. The soil pH and electrical 
conductivity of the extracts were measured (Bower and 


Wilcox 1965). 


3. Comparison of the Effects of Elemental Sulfur 
Applications on Acidified, Limed, and Unaffected 


Solo CoOmle Ay tig Me) alice en). 


The second incubation experiment was designed so 
as to observe the effect of elemental sulfur application 
upon soil pH of four soils of widely varying acidity. Also, 
the rate of elemental sulfur oxidation within the four soils 
was to be measured. Soil A was a very acidic soil from 


Waterton. Soils L, M were unlimed and limed soils from the 
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plots at Innisfail. Soil Q was an unaffected Black Cherno- 


zem from near Calmar Alberta. 


Flemerital sulfur was applied at a rate of 1 per 
cent.yof the sotleweightirtorl0O%g. ofreachtsoilircRouneloo g. 
samples of the four soils were weighed into 125 ml. 
erlenmeyer flasks. The treatments consisted of two ni 
treatments and.two of sulfur. The soils were incubated 
aGe2--Garoroperiods of 0; 3.°0% and 12 weeks. The gor 


moisture content was maintained near field capacity. 


After each incubation period, the soil pH and el- 
emental sulfur content were measured as in the first 


incubation experiment. 


B. Waterton Field Plot Experiments 


In order to verify the results obtained from the 
greenhouse and incubation projects, four field plots were 
set up in the region east of the gas plant site (figure 1). 
The plot sites were distributed throughout the acidified 
area so as to encompass most variations in soil pH, elem- 
ental sulfur content, soil texture, and topography in this 


sue Ciel c 


The plots were arranged in Split Plot Design . 


The plots were limed with a surface application of 
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the desired rate. The lime was then mixed to a depth of 

6 inches with a rototiller. Before seeding the plots, each 
received mineral fertilizers at the rates of 100 pounds per 
acre of N, P and K, as 35-0-0, O-45-0, and O-0-60, respect- 
ively. The various crops planted were either broadcast, 
rollowed by a Tight rototilling, or drilled-into the’ soil 


with a single share hoe drill. 


During tne erowing season of 1972, =plots 13°57 and 
6 were watered in order to prevent plant stress due to lack 


of moisture. 


The plots were harvested in September of 1972, 
before the plants had reached full maturity. Two, 10 foot 
rows of each plant species were sampled where possible. The 
samples were dried and a dry weight yield for each replicate 


of each treatment was obtained. 


The following is a more detailed description of 


each plot: 
19 RS Ao hey ley 

The first plot (figure 1) was established in the 
autumn of 1971, on a sandy hill near the eastern boundary 
of the gas plant site. The plot dimensions were 68 ft. x 


55 ft. Plot 1 consisted of 6 treatments and two replicates. 


Lime was applied at the following rates: 5 tons/acre 


and 10 tons/acre Ca(OH), and 6.5 tons/acre, 13 tons/acre, 
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and 19.5 tons/acre CaCO Rach treatment subplot measured 


ae 
AOL eek 10 tee 

Carleton Brome, Pendek Oats, and Ladak Alfalfa were 
seeded by hoe drill at rates of 10, 60, and 10 pounds per 
acre, respectively. The crops were seeded in rows nine 


inches apart. During the growing season, plot 1 was 


watered periodically to promote healthy plant growth. 


CEE ote. 32 
Plot 3 was also Jimed in the fall of 1971. The 
plot was located on an eastward facing slope approximately 


LOO 3To. east of the plot 1 site (figure 1). 


The plot measured 55 ft. x 50 ft. and consisted 


of 4 treatments and two replicates. 


The liming rates were 10 tons/acre, 20 tons/acre, 


and 10 tons over 5.5 tons per acre of Ca(OH) The latter 


2° 
treatment was accomplished by removing the top 6 inches of 
Soul and then liming the 6 to @l2 "neh Wepth with 525 ftons/ 
acre. The surface 6 inches of soil was then replaced and 

subsequently limed at a rate of 10 tons/acre. This treat- 
ment was designed to indicate whether or not a lime appli- 


cation to a depth of 12 inches promoted an increase in 


growth over lime applied only to the surface Guinches. 


The dimensions of the treatment sub-plots were 20 
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Carlton Brome, Galt Barley and Reed Canary Grass 
were seeded by hoe drill at rates of 10, 60, and 10 pounds 
per acre respectively. The crops were seeded with a nine 
inch spacing. Each plant species occupied one third of 


each treatment sub-plot, 


Eee on oe 

Plot 5 was established in the spring of 1972... The 
plot site was on nearly level ground near the southern 
boundary of sthesacidified -area a(ficuretl jie Theisoi lchad 
been disturbed by heavy equipment and was a mixture of heavy 
textured sub soil and loam textured surface soil. The plot 
was downslope from a wooded region. Thus, it was protected 
from elemental sulfur deposition, but received the acid 


water run-off from the wooded area. 


The plot dimensions were 60 ft. x 60 ft. and consisted 
of 5 treatments and 4 replicates. The liming treatments were 
2 tons/acre, 6 tons/acre, 10 tons/acre, and 24 tons/acre of 


CaCO3. The treatment sub-plots measured 12 ft. x 15 ft. 


Plot 5 was first seeded by broadcasting a mixture of 
Reed Canary Grass, Ladak Alfalfa, Carlton Brome, Olds Creep- 
ing Red Fescue, and Climax Timothy. The seeding rate was 
approximately 10 pounds per acre of each crop. Pendek Oats 
was then drilled into the soil at a rate of 60 pounds per 
acre. The oatswere seeded in rows at intervals of one foot. 


Thus, 12 rows of oats were seeded on each treatment. 
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Plot 5 was also watered periodically during the 
growing season. 
Leo B | 

Plot 6 was also started in the spring of 1972. The 
plot was located near the lowest topographical point of the 
aciditied region. ~The soll was a loam in texture and high 
in organic matter content. (about 6.0 = 7.0 per cent). The 
plot dimensions were 60 ft. x 60 ft. and consisted’ of 4 
Sreatmenva (ual, and 4, 13.5,"and 29 tons/acre of CaCO3) and 
4} replicates. Each treatment of plot 6 was seeded to Pendek 
Oats, Galt Barley, Reed Canary Grass, Carlton Brome, Climax 
Timothy, and Olds Creeping Red Fescue. The grasses were 
sown at a rate of 10 pounds per acre and the cereals at a rate 
of 60 pounds per acre. Each crop; occupying one sixth of a 
treatment, was sown by hoe drill with a nine inch spacing 


between each row. 


From the data obtained from the Waterton plots, a 
reclamation plan for the sulfur-acidified region was 


formulated. 
C. Downward Movement of Lime 


The investigation of neutralization of soil acidity 
at depths below the application region, was a second purpose 


of the Waterton plots. In conjunction with this study, the 
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neutralization of soil acidity in forested soils was also 


investigated. 


1. Downward Movement of Lime on the Waterton Field Plots: 
The acidity at the Waterton gas plant site extended 
to depths of three feet or more. That is, over time the 
acidity produced at the surface had leached downward, sig- 
nificantly lowering the soil pH a depth. Since economics 
prevented the application of lime to a depth lower than 6 
inches, it was desireable to learn whether or not surface 


liming would eventually neutralize the acidified subsoil. 


During the growing season of 1972, the Waterton 
plots were sampled extensively in order to determine the soil 
pH at various depths. In general, the soils were sampled at 
0-6 in., 6-8 in., 8-10 in., and 10-12 in. depths. The pH 


values were determined on each replicate of each treatment. 


2. Downward Movement of Lime on Bush Soilst: 


Since trees provided a wind break and, thus prevented 


extensive spreading of the sulfur, it was deemed desireable 


ak 
Bush soils designates soil located in regions of 


poplar growth at the Waterton plant site. 
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to neutralize the acid bush soils without removal of the 
trees. Although the trees were dying, surface applications 
of lime were considered as a method of neutralizing the 
soil, at depth, and preventing loss of the trees. In order 
to evaluate the feasibility of this reclamation method, the 
following projects were undertaken: 
(a) Waterton Bush Plots (figure 1): 

Bush plot 1 was situated on an Ser nel acid 

area near a slough and in a very moist environment. Bush 


plot 2 was situated on a sandy hill of moderate acidity. 


The plots consisted of two treatments and two 
replicates. The treatments were 20 tons/acre Ca(OH). and 
CaCO . The lime was spread on the soil surface and mixed 


Witte ohe Popench of sail. Thesplot dimensions. were 10°it. 


Dy eke. 


The plots were sampled at depths of O-l in., 1-2 in., 
and 2-4 in. The pH values of each treatment and control 
samples were determined in order to observe whether or not 
the lime had moved downward. 

(b) Greenhouse Box Experiment: 
Further investigation of the neutralization of 
bush soils was undertaken in the greenhouse. Soils C and 
D were used for this experiment. Soil C was the extremely 
acid, high sulfur content, surface soil from the bush. Soil 


D was the less affected subsoil from the bush. This experi- 


ment was designed to observe the effect of surface liming on 
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subsoil pH values, the effect of removal of the surface 
soil on subsoil neutralization, and the effect of surface 


liming on plant growth. 


The eee were weighed into 7.5 inch deep plywood 
boxes. Four boxes contained a 5 inch depth of soil D 
topped by 1 inch of soil C. These boxes attempted to sim- 
ulate bush soil in the undisturbed state. The other four 
boxes contained only soil D to a level of 6 inches. Thus, 
there were four boxes of intact bush soil and four of bush 
soil with the sulfur-containing surface soil removed. Each 
soil received a 20 tons/acre application of CaCO, to the 
surface inch of the soil in two of the boxes. The other 


two boxes (of each soil) were left as controls. 


Each box was seeded to Pendek Oats (16 seeds per 
box), Ladak Alfalfa (10 lb/ac.) and Climax Timothy (10 
ie/ac.ji (Mheswsotls were fertilized at a rate of 50 1b./ac. 
of N(NH NO ) and 50 1b./ac. of P (KH PO ). The moisture 
level a a soil was kept near sls capacity. Over the 
6 week duration of the experiment, each soil received a 


tOLateOles .- inches of water. 


The soil was sampled twice during the course of the 
experiment. The sampling depths were O-l in., 1-2 in., and 
2-6 in. The oats were harvested and a dry weight yield was 


obtained. 
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(c) Laboratory Tube Experiment: 

A similar experiment to the box experiment was 
undertaken in the laboratory. Twelve plastic tubes (1-2 
in. in diameter) were filled with 7 inches of bush soil. 
Six tubes contained 6 inches of soil D topped by 1 inch of 
soil C. The other tubes contained 7 inches of soil D. 
Thus, the soils were the same as for the box experiment. 
Two of the intact soils and two soils with the eee 
removed were limed with 20 tons/acre Caco... The same number 
of tubes received 20 tons/acre Ca(OH). The other four 
tubes (2 of each soil) were left as controls. The lime was 


thoroughly mixed with the surface inch of soil. 


The experiment was performed over a two week 
period. During that time the soils received an application 
ori inen of water each day for a total of lh inches. The 
soils were then removed from the tubes and the pH values 
were measured on each inch of each soil. That is, a total 


of 7 pH determinations were performed on each soil. 


D. Chemical Analysis of Acidified, Limed, and Unaffected 


Soils. 

A number of soils from Waterton and Innisfail were 
analysed in order to observe the effect of soil acidifi- 

cation and subsequent liming on the chemistry of the soils. 

Also, two unaffected soils were analysed so that a compari- 


son between normal, acidified, and limed soils could be 


made. 
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1. Effect of CaCO, and Incubation on the Chemistry 
of Acidified and Unaffected Soils: 


Blevenisot teatln BaD esieume Gon, i, N,3O, and sP) 
were limed and incubated in order to observe the effect of 
liming on various chemical components of the soils. The 
selected soils vary widely in original pH, texture, organic 
Matver ands locaton cots tA 918s ee ee(oloe 5) ey sand.r 
(plot 6) were very acid soils from Waterton. Soils G and 
H were less severely affected soils from Waterton. Soil I 
was an unaffected soil from west of the Waterton plant site. 
Soil N and O were an acidified and a nearly unaffected soil 
Promelnnisiarl, Soller was aurormal solleitromenean che 


bnvictar plant: site. 


Four 100 ¢. samples of each soil were incubated 
for six weeks at 22°C. Two of the samples mene limed at a 
rate necessary to bring the soil pH to 6.5 plus compensate 
for potential acidity due to elemental sulfur oxidation. 
The other two samples were controls. The soils were main- 


tained at field capacity throughout the incubation period. 


After incubation the soils were dried and seived. 
The following chemical analyses were performed on both 
incubated soils and an unincubated sample of each of the 
soils: 
i) Ammonium and nitrate N were determined by steam 
distillation (Bremner 1965). 


ii) Phosphate was measured by the Miller and Axley (1956) 
method. 
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iii) Sulfate was measured by the Johnson and Nishita (1952) 
method. The soil was extracted with water using a 
2. water CO.so0l. Savio. 

iv) Extraceable- K, Ca, Mg, Na, Al, and Mn were measured 
by atomic absorption spectroscopy. The soils were 
extra cUcd@itiea 2s SOLleCOMSOlUuc Om wauno., Ke was 
extracted in N NH) C1 and the other ions were extracted 
in N KCl. 

2. Effect of Various Rates of Ca(OH) and CaCO3 on 
the Chemistry of Acidifaed Soils (Souls A and 8B): 
Meter the tinal. eroppane of sors Awandep (tirss 
greenhouse experiment), the soil treatments were combined 
and» retained for further analysis. All treatments of both 
soils were analysed for NH , NO , available P, sulfate, K, 
Ga; Me, Na, Al, and ‘Mn. fy: methods employed were the same 


as used in the previous analysis. 


324 Chemucalwinalysis of Plot 6 Soils: 
The soil samples of plot 6, obtained in the autumn 
of 1972, were analysed in the same manner as the incubated 
and greenhouse soils. The surface 6 inches of each rep- 


licate of each treatment were analysed. 


E. Analysis of the Chemical Composition of Oats and Barley 


Grown on Acidified and Limed Soils 


The analyses were performed on plant samples obtained 


- Extractable denotes easily soluble plus exchangeable ions. 
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from two greenhouse experiments, two plots at Waterton, and 


two plots at Innisfail. 


—_—_———S—— ee eee ee ee ee eee) eee eo 


The dried plant samples were ground to pass a 20 


mesh seive. Total N was determined by the semi-micro 
Kjeldahl method (Bremner 1965). The remaining chemical 
parameters, except for total sulfur, were determined on a 
diluted dry ash sample of the plant material. A 0.2 ¢. or 
0.5 g. sample was ashed in a muffle furnace at a temperature 
Of LS85°Cyior a period of four hours. ‘The resulting ash was 
dvssoived in-2N HCl and diluted with water to 4.25 ml, yvol- 
ume. The following chemical analyses were then performed 
on the diluted HCl extract: 
i) Total phosphorus was determined using the ascorbic 
acid - HgS0, color developing solution of the Miller 
and Axley soil phosphate method. A 0.5 ml. aliquot 
of the plant extract was added to a 50 ml. volumetric 
flask, along with 10 ml. of the color developing sol- 
ution. Total phosphate was then determined by follow- 
ing the Miller and Axley (1956) method. 
ii) Total K, Ca, Mg, Na, Al, Mn, Zn, and Fe were determined 
by the use of atomic absorption spectroscropy (Isaac 
and Kerber 1971). 

The total sulfur content of the plant material was 
determined from a diluted wet ashing of plant-material. A 
0.5 g. sample was wet ashed using the nitric-perchloric acid 
method. The total sulfur content was then measured by the 


Johnson and Nishita (1952) method. 
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1. Chemical Analysis of Plants Grown in the Greenhouse: 
(a) Comparison of Oats grown on Soils A and B. 

The oats grown on soils A and B during the 
second cropping of the first greenhouse experiment were 
analysed as previously indicated. The entire dried oat 
plants were combined by treatments and ground to pass a 
20 mesh seive. Two 0.2 g. samples from each treatment were 
used for both the micro-Kjeldahl and dry ashing nnoeetee: 

(b) Comparison of Barley Sree On DOs! Pvande nh. 

The other greenhouse experiment, from which 
plant samples were obtained for analysis, was one involving 
extremely high rates of ae addition to an acidified and 
a normal soil. The acidified soil (K) was of extremely 
low pH and had a very high level of elemental sulfur. 

The normal soil (I) was obtained from west of the Waterton 
plant site. The liming rates of soil K were 4.2 per cent, 
14.6 per cent, and 58.2 per cent of the soil weight. The 
rates for soil I were nil, 14.6 per cent, and 58.2 per cent 
of the soil weight. The barley obtained from this experi- 
ment was combined by treatment and two 0.2 g. samples, from 
each treatment, were analysed as previously indicated. 
2. Chemical Analysis of Oats Grown on Waterton Plots 

land 6 

The whole oat plants sampled from the fertilized 
treatments of plot 1 and from plot 6 were used for analysis. 


A 0.5 g. sample from each replicate of each treatment was 
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used for the micro-Kjeldahl, the dry ashing and wet ashing 
procedures. 
3. Chemical Analysis of Oat Seed Grown on Innisfail 
Plots North and South: 
Only the oat seed obtained from the Innisfail plots 
was analysed. The seed was ground, as for previous anal- 
yses, and a 0.5 g. sample from each replicate of the nil 


and lime treatments was analysed. 
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IV. RESULTS AND DISCUSSION 
INTRODUCTION 


The various experiments undertaken will be discussed 
under the same headings as used in the Materials and Methods 


section. 


For the experiments concerning liming rates and 
forms, the relative merits of each form and rate “i be 
discussed and conclusions drawn as to the liming procedure 
best suited to alleviating the acidity problem. Following 
this, the feasibility of neutralizing sub-surface acidity 
by surface lime applications will be discussed. Finally, a 
general discussion as to the effect of acidity and liming 


on soi) and plantochemistry will conclude this section. 


A. Greenhouse and Incubation Experiments 


To determine the amount of lime necessary to neut- 
ralize a sulfur-acidified soil, each soil was equilibrated 
with a range of Ca(OH)» additions for three days. After 
equilibration, the soil pH values were determined. : The 
amount of lime which raised the soil pH to neutrality was 
deemed the lime requirement for that soil. Table <¢ shows 
the Ca(OH), ranges and resultant pH values for the lime 
requirement determination for 4 acidified Waterton soils. 
The lime requirement was determined for the 0-6. ins end v6 
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Table 2. Lime requirement of four sulfur-acidified soils 
from Waterton. 


Treatment Depth pH 

SOs eel SOd Le 

Nil 0-6" 2.4 29 

10 tons/acre 3.9 BO: 
15 tons/acre Ca (0H), 50 6.5 
20 tons/acre Grn a0 
Nil 6% = 12" DR oMS) O28 

5 tons/acre Beal, Sale 
10 tons/acre Ca (0H) 5 ye) ee 
20 tons/acre G2 ees: 

Treatment Depth pH 

SOEs Soil 4 

Nil 0-6" a6 35 

2.5 tons/acre Ca (0H) 5 An0 ps 
5 tons/acre Ca (0H), 4.5 Bea 
10 tons/acre Ca (0H) 5 6.0 je 5) 
Nil 6%—12" Sua 4.4 
PoZ2omtone/ acre Ca (0H) 5 cea] 0 
2.5 tons/acre Ca (0H) 5 4.2 bey 
bus tons/acre. Ca (0H) 4.9 6.8 
LO’ -tons/acre Ca (0H) 5 ae & Bee 
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lL. . Comparison .of Ca(OH)» and CalO3 Applications on Two 
Sulfur-Acidified Soils (A and B): 

Two sulfur-acidified soils from Waterton were limed 
with various rates of Ca(OH)» and CaCO, to determine the 
effect of lime rate and form on soil pH, elemental sulfur 
oxidation, and plant growth. The soils used for both the 
greenhouse and incubation experiments were soils A (pH 2.0) 


and B (pH 3.6). Both soils were sandy loam in texture and 


contained about 600 ppm elemental sulfur. 


For the greenhouse and incubation experiments, the 
soils received the same treatments. That is, for soil A 
the liming rates were 15, 30, and 60 tons per acre of Ca(OH)o; 
and 6.5, 13, and 26 tons per acre of CaC03. The correspond- 
ing treatments of Ca(OH)» and CaCO, were at chemically equiv- 
alent rates as to the amount of Ca (e.g. 60 tons/acre Ca(OH), 


and 81.2 tons/acre CaC03 are equivalent). 


The incubation experiment was undertaken in order 
to complement the greenhouse experiment. That is, the pur- 
pose of incubating the soils was to determine the effect 
of liming on soil pH and elemental sulfur oxidation oven 
an extended period of time (243 days) under controlled 


conditions. 


(a) Effect of Lime on pH and Elemental Sulfur 
Content: 
Liming an acid soil (A) raised the pH to 


NMevitrality or above, and stimulated 3 oxidation (Table 3, 
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Fig. 3, 4 and Appendix I). In the greenhouse experiment 


S oxidation was stimulated to a greater extent by 20.3 
tons/acre CaCO, than by 81.2 tons/acre; however, the re- 
verse was observed in the incubation experiment. Initially, 
CaC03 raised the pH to values conducive to optimum plant 
growth, regardless of rate. But over time the low liming 
rate (20.3 tons/acre) was significantly decreased in pH 

due to stimulation of elemental sulfur oxidation (figure 2 


and appendix I). The two higher rates of CaCO. (40.6 and 


3 


81.2 tons/acre), however, maintained the soil pH near 


neutrality. These rates of CaCO, were twice and four times 
the amount necessary to neutralize the present acidity of 


(ele RA ys 

On the other hand, Ca(OH). only neutralized the soil 
when applied at a rate of 15 tons/acre, which was the lime 
requirement for) soil A. A 30 tons/acre application raised 
the pH above 8.0, while a 60 tons/acre application raised 


the pH above 10.0. 


Over time the soil pH was lowered on all treatments 
pute nil; and 4076) ande61.2*tone/acre’ of CaCO,. This indi- 
cates the stimulation of elemental sulfur oxidation as the 
soil pH was raised (figures 3 & 4). The treatments in which 
liming rates merely compensated for present acidity (15 tons / 
acre Ca(OH)» and 20.3 tons/acre CaCO) were lowered to pH 5.0 
or below. That is, the soil acidity was increasing, again, 


to a point where plant growth may be harmed. The pH of the 
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high Ca(OH), treatments (30 and 60 tons per acre) was 
gradually lowered to a point where plants could grow. The 


high rates of CaCO, (40.6 and 61.2 tons per acre) did not 


3 
change in pH due to the buffering action of the eves 


The results for soil B were very similar to those 
Of solr A= (Taple }ana Appendix Il) > “That is, tne low 
liming rates (5 tons/acre Ca(OH), and 6.5 tons/acre. CaCO) 
were eventually lowered below pH 5.0. The high rates of 
Ca(OH)>5 (10 and 20 tons per acre) raised the pH to values 
of 8.2 and 9.6, respectively. The high rates of Caco. Gls 


and 26 tons per acre) maintained the soil pH at neutrality. 


The stimulation of H90), production, by liming, 
lowered the pH over time in all but the nil and 26 tons/acre 


CaCO treatments. 


(bo) Effect of Lime on Plant Growth: 
For the first cropping of “soil A,” liming had a 
profound effect on plant growth (Tables 5, 6 and appendix III 
& IV). There was no plant emergence on soil A when the soil 
received no lime. But the form of lime also determined the 


amount of growth on this soil. The plant emergence counted 
indicated 4 high rate of germination for all crops on all 
CaCO3 treatments (Table 5). The germination rate varied 


between 60 per cent (for crested wheat grown on the 


81.2 tons/acre treatment) and 90 per cent 
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Table 4. Effect of amount and form of lime on changes in 
pH of soil B (greenhouse). 


Soil pH* 
eee First Cropping Second Cropping 
6 wee wee efore .after 
planting harvest 
Nil Shs 2. 0 cul Bie 
5 tons/acre 
Ca (0H) 5 4.9 4.6 4.6 455 
10 tons/acre 
Ca (0H), Teese} 7.0 Gao 6.8 
20 tons/acre 
Ca (0H). 49 ioe) Ti Tas 
6.5 tons/acre 
Caco, 5.0 4.6 Areal 4.6 
13 tons/acre 
Caco, 6.9 6.8 6.7 6.9 
26 tons/acre 
Caco, ee (LAP? heeds 1ES2 


* 
Original soil pH 3.6; original elemental 
sulfur content 600 ppm. 


iethoubte iéninize 42.2 a dinette” 
mrt 208 testeon sehsO% 


22 


Table 5. Effect of amount and form of lime on average 
emergence. of plants on soil A. 


Number of plants emerged per pot 


ieee First Cropping Second Cropping 
Crested Brome Fescue Timothy Oats Barley 
Wheat 
Nil O70) Oe G0 Oris) Oo) ae 
15 tons/acre 
Ca(OH) 21 23 2 22 Sek) AEG 
30 tons/acre 
Ca(OH)o 123 23 13 at 9.0 9.0 
60 tons/acre 
Ca(OH)o 0.0 Ce) Che O20 Ba5 S20 
"20e@7080ns/acre 
CaCO au of ae 26 LO LO 
40.6 tons/acre 
CaCO. fas 25 26 fare 16) LO 
81.2 tons/acre 
CaCO. 7 26 23 20 9 8.5 


30 seeds of each grass planted. 
** 10 seeds of each cereal planted. 
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Table 6. Effect of amount and form of lime on average dry 
weight yield of grasses’ and cereals** grown on soilA. 


Yields of dry matter (g/pot) 


second °* 
Treatment First Cropping* Cropping 
ES ecucoune 2nd cut lines orcs euL tine 

Nil 0.0 Oo 0.0 0.0 
15 tons/acre 

Ca(OH) > 0.53 ZA0 22 EP. 
30 tons/acre 

Ca(OH) > 0.06 0.18 Gnen 2rclk 
60 tons/acre 

Ca(OH) » 0.0 0.0 0.0 ie 
20.3 tons/acre 

Cac0. 0.69 Pee @) Zak Awe 
40.6 tons/acre 

CaCO3 Orie ees PS Piet: 
81.2 tons/acre 

Cac04 0.68 ne? 28 1.8 


* Grasses grown were Crested Wheat, Brome, Fescue, Timothy. 
*%* Cereals grown were Oats and Barley. 
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(for brome and fescue on the 20.3 tons/acre treatment). 

The 15 tons/acre Ca(OH)> rate promoted plant emergence to 
the same extent as did the aos treatments. But the 30 
tons/acre treatment produced Significantly less germination 
and the 60 tons/acre rate prohibited any plants from emerg- 


ah gene 


The dry weight yield data, (Table © ) from the first 
cropping of soil A, indicated results similar to the emerg- 
ence data. The three CaCO, treatments and the 15 tons/acre 
Ca(OH). liming rate produced plant yield data thatwere not 
significantly different. The 30 tons/acre Ca(OH). treatment 
produced very little plant growth, and the nil and 60 tons/ 
acre treatments produced no growth. Over time, the root 
systems of the plants became well established resulting in 


the third cutting yielding much higher than the first. 


The emergence and yield results can be attributed 
to the pH effects of lime application. sual oo treatments 
and the 15 tons/acre Ca(OH). treatment raised the soil pH 
to neutrality. That is, the soil pH region conducive to 
optimum plant growth was attained by these liming applica- 
tions. The higher treatments of Ca(OH). raised the pH to 


a point where plant growth was seriously inhibited. 


The treatments of soil B produced similar trends to 
those of soil A, “but the differences*were not: as marked, 


This was because the soil was not as harshly acidified and 
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thus the liming rates were much lower. That is, the soil 
received treatments of 6.5, 13, and 26 tons per acre of 
Cal0s ; and 5, 10 and 20 tons per secre of Ca(OH)... The 
emergence results (Table 7) indicate that all treatments 
(including the nil treatment) promoted plant germination 
and emergence. The dry weight yield data (Table 8) indicates 
that the 20 tons/acre treatment of Ca(OH)> was the only liming 
rate to consistantly and significantly produce shower plant 
yre1ds during, the Tirst wroppine. For some crops (first 
cutting of brome and fescue) the 10 tons/acre Ca(OH)» 
treatment lowered yields when compared to the SNES and 

5 tons/acre Ca(OH)» treatments. Again, the high soil pH 


values (Table 4 ) due to overliming with Ca(OH)5, caused 


the growth of plants to be inhibited. 


The emergence and yield results from the second 
cropping of soils A and Bwere very similar (Tables 5,6,7,8). 
That is, both oats and barley grew well on all liming 
treatments. Even the high rates of Ca(OH). produced yields 
equivalent to those of other treatments. This was apparently 
due in part to elemental sulfur oxidation. As indicated in 
figures 3 & 4 considerable elemental sulfur was oxidized 
after liming of soil A. Elemental sulfur analysis was not 
done for soil B as the results from the pH determinations 
indicated elemental sulfur oxidation activity Similar vo 
that in soil A. The oxidation of elemental sulfur caused 


therureduction of sulfuric acid. |The rate of production 
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Table 7. Effect of amount and form of lime on average 
emergence of plants on soil B. 
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Number of plants emerged per pot 


eat ene First Cropping Second Cropping 


Brome* Fescue* Alfalfa* Oats**« Oats*« Barley**« 
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Ca(OH). 25 ae 20 Sal ae On 
6.5 tons/acre 

CacO3 rag: 24 Le 10 10 10 
13 tons/acre 

CaCO 26 26 au Os7 Oras. Cer 
26 tons/acre 

CaCO 2D ai EW O23 oye) CNM 
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was sufficient in soils A and B to lower soil pH in all 
Ca(OH), treatments and in the low Caco. treatments. In the 
low lime treatments, the pH had been decreased to a point 
where plant growth could be harmed due to reacidification. 
For example, the barley yields on the 5 tons/acre Ca(OH), 
and 6.5 tons/acre CaCO, treatments of soil B, had been 


Significantly lowered below those of the higher lime appli- 


Cetaons: 


The primary conclusion to be drawn from the green- 
house and incubation experiments involving soils A and B is 
that CaCO wasa much better liming material than was Ca(OH)... 
If Ca(OH), is to be used to neutralize sulfur-acidified 
soil, it must only be applied at the rate indicated by the 
lime requirement. Higher rates of Ca(OH). will only harm 
plant growth. But the use of the lime requirement rate of 
Ca(OH) , would require a supplemental application at frequent 
invervals tO offset the additional sulfurie acid prodauctzon 
due to the stimulation of sulfur oxidation which follows 


liming. 


On the other hand, CaCO, applications of rates of up 
to at least four times the lime requirement did not raise 
the soil pH above neutrality. Also, excess Cacl0, will 


neutralize any increase in acid production. 


These results generally agree with Beacher et al. 


(1952) and Rixon and Sherman (1962) who found that 
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over-liming a normal acid soil with CaCO, did not raise the 


3 
pH above neutrality while excess Ca(OH), did increase the 
soil pH to a potentially hazardous level. The previously 
discussed results, however, were unique with regard to a 


Sul ur—acidat ved? so Is, 


£. CaCO3 and MgCO4 Application to Soils J and K 

Since commercial grade limestone may have a small 
amount of MgCO3 with the Caco, , an experiment was undertaken 
to determine the effect of MgCO. on the soil and on plant 
growth. In sulfur-acidified soils the soluble sulfate level 
is very high. This level may be excessive to the extent of 
causing the soil to be saline as well as acid. Since MgSO), 
is much more soluble than Caso); a liming material contain- 
ing Mg may not alleviate the potential saline condition of 


the sulfur-acidified soils. 


Both soils used for this experiment (J and K) were 
af 
severely acidified (pH 1.4 to 2.1) bush soils from Waterton. 
The soils contained a large amount of elemental sulfur (10 


to 80 tons/acre). 


The soils received a lime application of 10% of the 
soil weight or 100 tons/acre. The lime form added was var- 
ious combinations of CaC03 and MgC03 ranging from 100% CaCO, 
to 100% MgCO.. 


The main objectives of this experiment were to 


1 Bush soils designates soil located in regions of poplar 
growth at the Waterton plant site. 
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determine whether Mgco, application would result in plant 
growth inhibition, and, if so, the level of MgC0., at which 


plant growth was harmed. 


(a) Effect of Lime on Plant Growth: 

The plant emergence data and dry weight yields 
of oats showed a marked decline in plant growth as the 
level of MgC0, application increased (Table 9 ). ‘When 
more than 5 per cent of the lime applied was MgC. , there 
was virtually no plant growth. 

(db) Effect of Lime on Soil pH and Electrical 

Conductivity: 

The pH results indicate a steady rise with 
increased levels of MgCO3 , but the pH value did not rise 
above 7.4. Thus, soil pH alone would not have caused the 
drastic reduction in plant growth. The electrical conductivity 
data, however, indicate that MgCO4 contributed to the 
formation of a saline soil. For soil J, the nil and 100 
per cent CaCO, treatments were considered weakly saline 
(4 mmhos/cm. to 8mmhos/cm.) and the growth of sensitive 
erops (¢.2.) Oausy would be slightly inhibited. As MgC0 
was added to the soil, the soil became moderately saline 
(8 mmhos/cm. to 12 mmhos/cm.) and all plant growth was in- 
hvpited. iIn¢sotl Kj-only the 100 per cent Caco. and 95 
-5 per cent MgCO, treatments lowered the soil 


3 > 
salinity to a weak to moderate salinity level. All other 


per cent CaCO 


treatments were strongly saline (greater than 12 mmhos/cm. ) 
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and plant survival wasvery limited. 


The poles ey resulting from ae applications was 
due to the solubility of Mgso versus that of el As 
demonstrated by soil K, the sulfate production due to sulfur 
oxidation was at such high levels that even the nil 
treatments had a high electrical conductivity. When Cac, 
was added to the soil, CaSO) was formed. This is quite in- 
soluble. Thus sulfate ions were removed from solution and 
a soil salinity problem didnot arise. In the case of 


MgCO the resulting Mgso is not as insoluble as Soa ke 


ONG 


Therefore, sufficient sulfate remained in solution to cause 


the development of a saline soil at a neutral pH value. 


From this experiment, it can be concluded that a 
liming material containing more than 5 per cent Mgco., will 
be of dubious value when used to neutralize a sulfur-acid- 
ified soil.. This conclusion was not found in the literature. 
Crowther and Walker (1952) even recommend a magnesium liming 


form if the soil is low in magnesium. 


3. Elemental Sulfur Application to Soils A, L, M, Q 


The incubation of four soils, after an addition of 
elemental sulfur, was designed to determine the effect of 
sulfur on soil pH. Also, the rate of sulfur oxidation and 


the amount of sulfur oxidized were to be observed. 
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Soil A was a sulfur-acidified soil with a pH of 2.0. 
The pH did not decrease over the incubation period. But 
there was a substantial decrease (3,000 ppm) of elemental 
sulfur in the sulfur treated soil ( figure 5 and appendix 
VY) Soil L was acidified to 3.4 by deposition and sub- 
sequent oxidation of elemental sulfur near the Innisfail 
gas plant. Substantial elemental sulfur was oxidized during 
the incubation and the pH value decreased to 2.4. “Soil M 
was the same as soil L, but had been limed previously to a 
pH of 5.5 in the field. Nearly all the sulfur was oxidized 
after 12 weeks and the pH decreased to 2.5 after 3 weeks. 
Soil Q was a normal Chernozemic soil with an original pH of 
5.9. After 12 weeks, the pH of the treated soil was 2.6 


and 8,400 ppm of sulfur had been oxidized. 


The results of this study indicatedthe following: 

1) Sulfur oxidation did not lower the soil pH below 2.0; 

tu) Sulfur foxidation occurred at acidmpn valiessas low as 
et: 

iii) If a soil was previously acidified and then limed 
sulfur foxidation and soil reacidilication Occurred much 
faster than in a soil that had never been affected by 
elemental sulfur; 

iv) Approximately 9,000 ppm (9 tons/acre) of elemental 
sulfur were required to lower the soil pH of a Cherno- 
genie sol, (GO). to DH. 2.0. 


These results agree with Starkey (1925) who found 
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that T. thiooxidans is active at pH values between 2.0 and 
3.0, and that 2.0 is the lower limit of soil pH due to 


sulfur gordo one 


B. Waterton Field Plot Experiments 


The results from the greenhouse and incubation 
experiments indicated that CaCO2 could be applied at rates 
sufficient to compensate for present, as well as potential, 
soil acidityetrnom subtursoxidation. ie primary purpose of 
the Waterton field project was to substantiate the labora- 
tory findings. Also, the field experiments were designed 
to encompass variations in soil structure and texture, soil 
chemistry, and topography within the acidified area (Plates 
Land. ae 
Lie <P Ore 

The site for plot 1 (Figure 1) was chosen because 
of the sandiness of the soil, and because the soil was not 
severely acidified, but contained a significant amount of 
elemental sulfur. The area surrounding the location support- 
ed a sparse growth of brome grass and had a pH of about 3.5. 
The plot was limed in the fall of 1971 and was then fertil- 
ized and seeded in May of 1972. The plot was seeded to 
brome, alfalfa, oats. But only the oats grew successfully, 
and was theretore, the only crop harvested. Theplack or 
growth of alfalfa and brome was likely due to the low 


water holding capacity of the sandy soil. The soil dried 


Sufficiently after planting to hinder efficient germination 
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70 
and root growth in the smaller alfalfa and brome seedlings. 


The soil pH results indicate a general decrease from 
May (1972) to October (1972) in the nil, 5 tons/acre Ca(OH). 
and 6.5 tons/acre Caco, treatments (Table 10 ). The other 
higher liming rates (10 tons/acre Ca(OH)., and 13 ande19.5 
tons/acre Cac0. ) were sufficient to compensate for any 
increases in acid production after liming. The high Ca(OH)» 
treatment (10 tons/acre) was not at a rate sufficient to 
cause the pH to rise above the range conducive to plant 


growth. 


The oat yield results (Table 10) indicate that lime 
restored the soil's ability to support plant growth. The 
CaCO treatments yielded the highest level of growth. Al- 
though the 6.5 tons/acre treatment had decreased in pH to 
4.8, the yield was 50 cwt./acre. The higher CaCO appli- 
cations yielded 55 and 54 cwt./acre. The 5 tons/acre 
Ca(OH)> had a final pH of 4.2 and a yield of 15 cwt./acre, 
while the higher rate (10 tons/acre) yielded 42 cwt./acre. 
Thus, only the 5 tons/acre Ca(OH), treatment yielded poorly. 
This was due to the lowering of the soil pH by sulfur oxi- 


dation: stamulation;: 


am Floto 


the plot 3 sive (figure 1) was situated on an 
east-facing slope near an area of dying tree growth. The 


soil had a loam texture, high elemental sulfur content,and 
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Table 10. Waterton Plot 1*: effect of amount and form of 
lime on surface pH and oat yield. 


Treatment OE See eee pee 
May 1972 AipWlee Me Oct VO72e ewer fac.) 

Nil 3.64% Oe Oe. eer ORO 

5 tons/acre 

Ca(OH)o 5.6b 4.Oab heed 15 

10 tons/acre 

Ca(0H)5 opatsi®) Ona.c 6.8c he 

6.5 tons/acre 

CaC03 5 ele 4.8be 4. 8b 50 

13 tons/acre 

CaC03 Seles Dab Ga2c Pe ey 

19.5 tons/acre 

CaCO 6.25 6.0c 6.6¢ 54 


data ee eeWU ela) aieiy Alain melts Asa oh ehh comb Mena blgy 287 G) Okay ole) 
«x Treatment results not followed by the same letter are 
significantly different at the 5% level. 


Table 11. Waterton Plot 3%*: surface pH after Ca(OH)» additions. 


Treatment pH 
June 1972 July 1972 OC i nore 

Nil Pre We Pirh®, 
10 tons/acre 

Ca(OH)» beds 20 ce 
20 tons/acre 

Ca(OH) > 6.5 5.3 Dit 
HU Es ; 

: ons/acre P nel halt 
Calon)? ; 


edt ti diwipheMewlee Inula leopmeauinun = 10.000 
* 10 tons/acre ae applied to 0-6" depth 
5.5 tons/acre CaC03 applied to 6-12" depth. 
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was much more seriously acidified than plot 1. The plot was 
designed to determine whether or not over-liming with Ca(OH) 
would seriously effect plant growth. Another objective of 
plot 3 was to determine if liming to a depth of one foot 


produced more growth than liming the 0-6 inch depth. 


Since the plot was located near an area of poplar 
trees, the air carrying elemental sulfur particles was 
slowed in this region. Thus, during the winter meron of 
1971 and 1972, the plot received a large deposition of 
elemental sulfur (plate 3 ). As the temperature increased 
in the spring, the. sulfur was rapidly oxidized by, suliur ox-— 
idizginoewbacverla, By early July, che sol piahad tallen 
from 4.6 to 2.6 on the 10 tons/acre treatment; and by fall 


the pH had fallen below 3.0 on all treatments (Table 11). 


The barley, brome, and reed canary grass planted on 
plot 3 grew rapidly in June. Plate 4 shows the harmful 
effects ofsthe soleresacidification during July 8 thessol 1 


acidity kilted all plants well before harvest, tamey 


Plot. 3 indicates, directly, the effect of not comp- 
ensating for potential acidity when liming a sulfur acidified 
soil. The high rates of Ca(OH)> did not raise the pH above 
neutrality. But in order to successfully lime a soil such 
as. clove a. Ca(OH), would have to be applied repeatedly as 


more and more acid was produced. Ca(OH), applications that 
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Plate 4: 
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Sulfur deposition and early plant emergence on 
BLOU os 


Dying plant growth due to elemental sulfur oxi- 
Cation on plot. 3. 
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would compensate for potential acidity would only result in 


initial plant harm due to an alkaline pH. 
3. eer ope5 


The sitesfor plot. 5 (figure 1) )ewas on an area of 
shallow top soil, or mixed top and subsoil. The soil had 
a poor physical structure and little organic matter. The 
adverse soil conditions were a result of the clearing of 
dying trees by heavy equipment. In the process, most of 
the top soil was removed exposing a dense and stony B 


horizon. This soil was of a clay loam texture with 0.8% 


Organic matter. 
The liming rates for™plot 5 were 2, 6, 10, and 24 


tons per acre of CacO3. All vegetation (grasses, alfalfa, 
and oats) grew successfully on the limed plots. Only the 
oats were sampled for yield measurements as the other plant 
species were sown by broadcasting making proper sampling 
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The 24 tons/acre Cac0, treatment was the only rate 
of lime which prevented the soil pH from decreasing below 
6.0 (Table 12). The 6 tons/acre and 10 tons/acre treat- 
ments produced a substantial oat yield even though the pH 
values had fallen to 4.1 and 5.4, respectively. The 2 tons/ 
acre Cal04 treatment produced plant growth, but the yield was 
Significantly less than the other treatments. The nil plots 


also yielded a slight degree of oat growth (Table 12). 
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Table 12. Waterton Plot 5. effect of amount of CaCO, on 
surface pH and oat yield. 


pH Yield 

Treatment 

July 2072 October 1972 (cwt/ac.) 
Nil 3. 6a 2 Bee: 19 
2 tons/acre 
6 tons/acre 
CaC03 4. 8ab lee tet eso 
10 tons/acre 
CaC03 Bin (Aare Septal 20 
24 tons/acre 
CaCO 6.h4c en sns Zale 
a Pies t Be aoe Initial Elemental Sulfur content 
«x  Treatmen necoies not followed by the same letter are 


Signiricantiy diftferenteat 1% level. 
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Be “Plot 6 


The location of ate 6 was near a water course 
which drained the acidified area. The site was selected 
because ofpvhe; moist conditions of; the soil. the=severity of 
actdification,) and the depth of acidification. The soil 
was severely affected and was comprised mainly of material 
eroded from cleared areas of the acidified region: The 
soil was a loam in texture, had 6.0 per cent organic matter, 


and? wastacidiited Go pH 3.5 at a depthioft 3ureec- 


The pH results (Table 13) indicate that only a liming 
rate of 29 tons/acre CaCO, neutralized the soil and then 
prevented a fall in pH once sulfur oxidation increased. The 
 tons/acre and 13.5 tons/acre Caco, applications raised 


the pH to 3.0 and 4.3, respectively (plate 5 ). 


The yield results of the various cereals and grasses 
grown on plot 6, correspond with the pH values. The greatest 
yield in all cases was on the 29 tons/acre treatment. The 
Mees. tons/acre CaCO» treatment resulted in significant growth, 
but only barley, oats, and reed canary grass grew on the 4 
tons/acre treatment. All plants failed to grow when no lime 
was applied. On all liming treatments, the cereals out- 
yielded the grasses. For the cereals; Oats yielded higher 
than barley and in the case of grasses the yields were 
highest for reed canary grass, then timothy, fescue, and 


brome inithat order. 
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Plate 6 
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The Waterton plot data verified the greenhouse and 
incubation results. That is, potential acidity had to be 
compensated for by excess lime applications. Also, CaCO3, 
when applied at rates exceeding the actual acidity lime 


requirement, did not raise the pH above neutrality. 


The very adequate plant growth indicates that liming 
plus adequate fertilization was a most effective method of 
reclaiming extremely acadrsorlss se ihacecoincided favoranly 
with much of the literature concerning cat-clay and coal 
mine reclamation. Chenery (1954), Hart (1959), and 
Murakami (1968) indicate that liming greatly improves the 
chemical status of cat-clays. Hart (1959) also indicates 
that the lime form must not raise the pH above neutrality. 
Blevins et al. (1969) recommended liming as the method of 
reclaiming soil and water acidified by the oxidation of 


pyrites exposed by strip mining. 


Other observations from the plot studies, which were 
not mound Fin the akiteraturey ane what: 
iy) Plants grown on the limed soils may be subject to 
moisture stress during periods of low precipitation, 
as; planb roots survive only in the neutralized soil 
(this was observed in the greenhouse box experiment 
discussed under section C). 


ii) Reed canary grass survived well under fairly acid soil 


COnaLoULONnS., 


iii) Oats consistently grew the best of the various crops 
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80 
planted. 


The field results point out the extreme tolerance 
of oats to soil acidity. For example, on plot 6, oats 
yielded 7 times that of barley or reed canary grass on the 
4 tons/acre Caco, treatment. The pH of the soil was 3.3 in 
July and 3.0 in October. Therefore, oats would be the best 
crop to plant on a limed sulfur-acidified soil in order to 


quickly restore plant growth to the area. 


C. Downward Movement of Lime 


The neutralization of acidified subsoil by the down- 
ward diffusion of lime was investigated in the field at 
Waterton during 1972. Also, a laboratory and greenhouse 
experiment were conducted to further investigate subsoil 
neutralization. The application of lime below a depth of 6 
inches would require large amounts of time, labor, equipment 
and capital. But, only a 6 inch lime application resulted 
in an extremely shallow rooting zone where the subsoil was 
acidified. Hence, the four Waterton field plots were sampled 
extensively to determine the increase in soil pH, if any, 


below six inches. 


Since the Waterton gas plant (figure 2 ) is located 
in an area of strong westerly winds, there is potential for 
air-suspended particles to be carried for a considerable 


distance. The tree growth east of the plant site prevented 
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sulfur from being removed from the Shell, Canada property. 
The soil in the bush areas was, thus, extremely acidified 
resulting in serious harm to tree growth. For this reason, 
three experiments were undertaken to determine whether 
surface lime application on the bush soil could be expected 
to, over time, neutralize the acidified subsoil and restore 


healthy tree growth. 


1. Downward Movement of Lime on the Waterton Field Plots: 
The tesults of plot Wy (Table 24) “sndicatesprat: lime 
did diffuse downward and increase subsoil pH. For the 
October, 1972 soil samples, the 10 tons/acre Ca(OH),, 13 
tons/acre CaCO, and 19.5 tons/acre Caco, liming rates had 
raised che DH vo ©.0c0rm above. to a depth of one foot. | The 
nil treatment,had a pH of 4.7 at the one foot depth. The 
lower liming rates had also significantly raised the soil 
pH at depth. This rather significant rise in subsoil pH was 
probably due to the fact that the soilwasvery sandy and 
permeable. The results from table 14 indicate that chem- 
ically equivalent amounts of Ca(OH). (10 tons/acre) and 
CaCO, wis) tons/acre) were not significantly different as to 
their ability to neutralize the surface and subsoil, even 


though Ca(OH). is much more soluble than CaCO... 


In plot 3 (Table 15 ) the soil had been so severely 
reacidified that there was very little difference between 


the lime and nil plots. The treatment that was limed to the 
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effect of form and amount of lime 


on neutralization of soil acidity below the depth 


of lime application (0-6")., 


Treatment Depth 


: 
Nil e 
7 8-10 
10-12 
. 
be tons/acre °- 
S-10 
Gees 10-12 
0-6 
10 tons/acre 6-8 
Ca(OH}, 8-10 
10-12 
0-6 
Gab tons/acreg~§, 
Caco, 10-12 
0-6 
13tons/acre ae 
Cal03 10-12 
0-6 
oy ase 
eas eee 


Or OO 7 Or ROr a Onan STINE ON ON OION Dot Ores Sie ea 
FIDO NOOO Os Sr Ot Om NW OVW 2 (Oe (@ WOW O 


July 1972 


NADANW BNW NANEE DAAQAHD wNEEe Feww 


A ae cc A ert I oc FEA Ee ct 
October 1972 


Treatment results for each depth not followed by the same 
letter are significantly different at the 5% level. 
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Peavlesapl juan Waterton, Plot, 3: ¢ phof oi) with depth after 
applications of Ca(0OH)>5 
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TSP a eNe SS ny) scoy te a ees Wee pnd peor 
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8-10 ere! 2.0 
10-12 Siar Ore 
0-6 ee Cig 
10 tons/acre men ge bse 
Se 10-12 1,0 3.6 
0-6 SAG Page 
20 tons/acre ae, ie ou 
POH) 2 10-12 38 ae 
10 tioneylauies | 0-6 4.8 Ziel 
5.5 tons/acre 6-& 6.2 3.0 
Ca(OH) 8-10 Ore [Beall 
Z 1LO-12 Gre eae 


* 10 tons/acre applied to O-6" depth. 
5.5 tons/acre applied to 6-12" depth. 
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one foot depth (10 tons over 5 tons per acre) resisted 
reacidification at depth to a greater degree than the other 
treatments. The pH at 12 inches was }.2 on this treatment 


versus 3.6 to 3.2 on other lime treatments. 


Because of the disturbance or the soil ot Pilon 5, 
some sections of the plot were comprised of less affected 
soils than other parts. That is, unaffected soil was 
nearer the surface in one section of the plot. Thus, values 
from the less affected area were discarded when averaging 
pH determinations for presentation in Table 16. One rep- 
licate of each treatment was discarded. The results indi- 
cate that the lime had begun to neutralize the soil at the 
8 inch depth on the 6, 10, and 24 tons per acre treatments. 


The high lime treatment had raised the pH at the 12 inch 


depth. 


The plot 6 results (Table 16 )were similar to those 
On wwlots elzand:5:, That is, the high lime treatment (29 tons 
/acre CaCO3) significantly raised the soil pH at the 12 inch 
depth. The 4 tons/acre Caco, was not significantly better 
in neutralizing the soil than was the nil treatment. The 
Be rie tons/acre treatment significantly lowered the acidity 
(as compared to the nil treatment) to a depth of 10 inches. 
The lowering of subsoil acidity by liming was, ‘however, 


insufficient to neutralize the soil (the 29 tons/acre Cac03 


treatment had a pH value of 4.3 at the 12 in. depth). Thus, 
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the soils remained very acid below the level of lime 


incorporation. 


The Waterton plot results indicate that, over time, 
the lime hedetonered the acidity in soils below the depth of 
lime application. Nelson (1929) Brown and Munsell (1936) 
and Longnecker and Sprague (1940) all indicate that lime 
does move downward over time, but that the process’ is very 
slow (10 years for neutralization of the underlying six 
inches). These findings agree with the results from the 


Waterton field plots. 


2. Downward Movement of Lime on Bush Soils 

Since it was desireable to prevent sulfur from 
leaving the Shell, Canada property as air suspended part- 
icles, the bush areas (Plate 6 ) were hoped to be saved 
by surface applications of lime. The lime could not be 
incorporated into the soil, as the necessary heavy equip- 
ment would destroy the tree roots. Thus, during 1972 two 
bush plots (figure 1 ) were established at Waterton. Both 


Ca(OH)» and CacO, (at rates of 20 tons/acre) were spread on 


e 
the soil surface and the soils were sampled, subsequently, 


to determine whether the soil acidity decreased under the 


limed treatments. 


In bush plot 1, the subsoil was not appreciably 


altered in soil pH by the lime applications Give yon wrahea le 
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Table 17.: Waterton Bush Plots: changes in sub-soil pH after 
surface applications of CaC03 and Ca(OH)>. 


Treatment Depth IES) hay arate mieten ee 
(in.) Busnep tor a Bush Plover a 
August October Ucis 

(1972) (1972) (1972) 
O-1 Pat dees Jgeglss 
Na 1-2 Ae egt roi Zee 
2-h 250 BRS PPh 
20 vons/ O-! aia 5S 8.9 9.5 
acre 1-2 Sale eS) oa 
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The plot was located near a slough on very moist’soil of 
meddumetexture. )Thessoill plHiwasi3.0etorSn2ron thet lamed 
treatmentsvand 2.5 on the nil treatment; at a depth of four 


inches. 


On the other hand, bush plot 2 (located on a dry, 
sandy hill) had a pH of 4.2 to 4.6 on the Jaimed treatments, 
Them nal Preatment had a pH of 2.7/2. As) an She verse of field 
plot 1, the downward movement of lime on this plot was 
probably due to the very sandy and permeable nature of the 
Sond. es Alsoynthe CaCO, treatment was more effective in 
Nevchealizune Sol acidity than was Ca(OH)... Thus, as prev- 
1eusty stated, the lack ef solubility of Caco. dic nes 
decrease its effectiveness as a liming material for sulfur- 


acidified soils. 


Soils C and D were used in a greenhouse and labor- 
atory experiment to determine the soil neutralizing ability 
of a surface application of lime (Caco, in the box experi- 
ment and CaC03 and Ca(OH), in the tube experiment). Soil ¢ 
Wasea surface bush-soil containing a very high devel of 
elemental.sulfur, .0oileDwassthe sbushesubsoul located) eam 
the weteld, belowssoil1¢@. Amsecondamynobjective foiannegex= 
periment was to determine whether removal of the sulfur 
containing surface soil before liming increased the ability 


of lime ite neutralize the subsoil. 


This was to be accomplished by using only soil D 
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(sub soil) in half of the boxes and tubes, and then lime 
the top inch. It was thought that by removal of the 
sulfur-containing surface soil (C), depletion of excess 
lime by oxidation of elemental sulfur would be prevented. 
Thus, sub soil acidity may be more readily neutralized 
than if lime were applied directly to the surface of intact 


bush soil; 


In the greenhouse box experiment Cal03 was incorp- 
orated into the top inch of soil at a rate of 20 tons/acre. 
The soils in the boxes were either the intact soil as found 
imepbes pushe (Soil sCeover Sol D)) or the bushysos.s wath the 
surface inch of soil removed. After liming the soils were 


seeded to oats. 


The preliminary sampling of the box soils (August, 
1972) indicated that the lime had neutralized the inch below 
the depth of application (Table 18). But the September samp- 
lingwindicated that the previous results were in error, and 
the lime had, in fact, not reduced the acidity atvall. The 
August results were in error due to a faulty sampling tech- 
nique where some of the surface-applied lime was physically 
mixed with the subsoil. The tube experiment (Appendix VI) 
also indicated that the lime did not neutralize the acidi- 
fied subsoil, even though 14 inches of water had been 


applied over a very short period of time. 


The yield and pH results (Table 18) indicated the 
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Table 18. Effect of a surface application of CaCO03 on sub- 
soil pH and oat yield (greenhouse). 


ea aa... ____aaaa_s 


Treatment Soil’ pH Yield (g/pot) 
Depth Ane. 8 (1972) sent, (1072) 
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elemental sulfur content 1.7 x 10” ppm. 


eubsoils initial pH =.2.1 
elemental sulfur content 220 ppm. 
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speed at which elemental sulfur is oxidized once the soil 
acidity is lowered. At the beginning of the experiment, 
the pH of the limed, sulfur-containing, surface soil was 
6.4. But after six weeks the pH was lowered to 2.4 and the 
Viel Wage. (Ose. Of On0S. —On tie other hand, when the 
sulfur-containing layer was removed before liming the pH 


memained sat /.0.and the yield was 7.6 ¢. of cats. 


The bush soil experiments indicated very little, 
if any, neutralization of subsoil acidity after lime appli- 
cation. The only substantial rise in soil pH at depth, after 
timing, was on bush plot 2, which was on very sandy soil. 
These findings indicated that surface liming may eventually 
lower soil acidity to a soil depth helpful to damaged 
plants. But, for the trees at Waterton, this neutralization 
would be much too slow to restore health to the poplar stands. 
The investigation of the soil acidity problem at Waterton 
brought to light the extreme tolerance of poplar trees to 
acidity. The trees at Waterton grew after a fashion on 


Soi 18 havine pH values. as low-as, 1.5. 


Stewart and Wyatt (1919) indicated that, in general, 
a surface application of lime does not affect the subsoil. 


This substantiates the results of the bush soil experiments. 
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Ds Chemical Analysis of Acidified, Limed and Unaffected 


Ons 


The purpose of the soil analyses was to determine 
the eifect. of acidification, and subsequent limine “on soz! 
chemistry. Soils that had not been exposed to sulfur acid- 
ification were also analyzed to serve as a comparison to 


the sulfur-—acidified soils, 


The soils chosen for chemical analysis were obtained 
from an incubation, a greenhouse, and a field experiment. 
The incubation experiment was designed to determine the 
effect of Cac0. and, secondarily, incubation on the chem- 
istry of acidified and normal soils. The lime was applied 
at a rate sufficient to alleviate present acidity as well 
as that produced following stimulation of sulfur oxidation 
as a result of liming. The soils from the greenhouse ex- 
periment were soils A and B. These soils had received var- 
ious rates of Ca(OH). and Caco, and were then used for a 
total of 24 weeks in the greenhouse. The Waterton plot 6 
soils were also analyzed. These soils had received various 


SDs Caos, Or, CaCO, in tne Tela. 


The chemical analysis of the soils will be discussed, 
jointly, under the heading of each chemical parameter de- 


termined. 


1. Ammonium and Nitrate Nitrogen 


The major objective of the nitrogen determinations 
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was to ascertain whether or not acidified soils regained the 
ability to nitrify ammoniacal nitrogen, after liming. Also, 
the amount of mineral nitrogen which accumulated after in-- 
cubation (without lime) was to be determined in order to 
observe the rate of mineralization of nitrogen under acid 


ang normal soil environments. 


The results obtained from the incubated soils in- 
dicate that the extremely acidified soils slowly began to 
regain the ability to nitrify (Table 19). The soils, which 
had been most severely affected (A, D, B, N, E, and F) 
accumulated significant nitrate only when limed. But for 
both the nil and lime treatments, the vast majority of the 
mineral N remained in the NH) form after 6 weeks of incu- 
Parzen. Ihe uwo “ess vafitected acid ‘soits (G and H) accumu- 
lated mineral N almost exclusively in the NO3 form after 
liming, while the unlimed soils retained the inorganic N 


as ammonium. 


The least acidified soil (0), and the unaffected 
soils (P and I) accumulated N in the nitrate form for all 


soils and treatments, despite their rather low pH values 


(Avosand. i. 6)’. 


The incubated soils contained larger amounts of 
mineral N than did the corresponding unincubated soil. That 
is, over a wide range of soil pH values, both limed and 


unlimed soils accumulated mineral N during incubation. 
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Table 19. Chemical analysis of soils before and after 
incubation with and without lime. 
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Alexander (1961) states that organic N accumulates in acid 
soils so that a rapid release of mineral N is noted when 
such soils are limed. This phenomenon was not noted in the 
incubated soils as some soils (e.g. A) accumulated more 
mineral N when incubated without lime. Since severely acid 
soils contain less viable ammonifiers than do neutral soils 
(Alexander 1961), the large mineralization of N in the acid 
soils can be explained by assuming that the process was 
botavplological and chemical. That is, the ‘produce of 
organic N mineralization by microbes and incubation with 


Sulturie acid iS: ammonium. 


The analysis of the greenhouse soils (A and B) in- 
dicated that acidified soils fully regained the ability to 
Micrityeatver samme (Table 20). Por elie inwnane Pees (on 
both soils, any mineral N accumulation was largely in the 
nitrate form. On the other hand, the nil treatments accum- 
ulated nitrogen as ammonium. The two low liming rates on 
Soil A (15 tons/acre Ca(OH), and 20.3 tons/acre CaCO.) and 
the 6.5 tons/acre CaCO, treatment on Soil B showed a 
slightly higher NH), level than did the other liming treat- 
ments. This indicated an effect of under liming sulfur 
acidified soils. The stimulation of sulfur oxidation by 
liming, had caused more acid to be produced and thus the 
soil pH values were lowered. The pH of these soils had been 
lowered sufficiently to, again, inhibit the nitrifying 


organisms. Soils A and B were used in a greenhouse experi- 


ment, and thus received N in the form of fertilizer, Also, 
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Table 20. Chemical analyses of soils A and B before and a 
applications of different amounts of Ca(OH)> and CaCO. 


Soil ppm ppm ppm me/100g. ppm 
Letter Treatment pH NH,-N NO,-N Nica K 90),-9 
A Orioimnat ace SE AOR Paro 20 C206 5200 
soil . 
igiaal 2-4 300 80 13 0.36 84.00 
15 tons/acre 
Ca(OH) 2 Biel Ne key 0 6.8 een 1400 
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Ca(OH), Vi 0 One Oe Ey es. O0k eels) 
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Ca(OH)» 9.4 7.0 97 0.5 0.02 1000 
20.3 tons/acre 
CaCO3 Dee ee ae sel oy 2) O01 14.00 
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CaCO3 se wae Bil aD O.02 1200 
81.2 tons/acre 
Cal03 ene ee 43 La O702 2200 
B original ser 6B Sa7ae6 O.516 360 
soul 
Paivl Sel 25029080 L6 0.36 820 
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Ca(OH) > od Cee 16 0.01 920 
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Ca(OH)>o 658 SGnh me S220) 3k 0.04 850 
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Ca(OH)» TO meee ai / gentle 0.02 600 
6.5 tons/acre : 
CaC0O3 Drain = Mee RS Tish Od 950 
13 tons/acre 
CaCO3 aie Sale 28 36 0702 1400 
26 tons/acre 
Calo, (Aes ee, 38 26 0.02 850 
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the plants grown on these soils had removed considerable 
amounts of N. Therefore, no comparison can be made between 
treatments as to the effect of lime form and amount on soil 
mineralization. 

The nitrogen analysis of Waterton plot 6 verified 
the greenhouse results, (Table 21). That is, when lime was 
applied at rates sufficient to neutralize soil acidity, the 
acidified soils eventually regained a viable population of 
Nitrosomonas and Nitrobacter. 

The nitrogen results generally agree with Jackson 
(hOG7 Mand Kamparth and Foy (1971). ethey state that amnon- 
ium will accumulate at low soil pH values. This is because 
the soil contains acid tolerant ammonifying organisms, but 


no acid toleranvenitrifiers. 
2. "Available" Phosphorus (Miller and Axley, 1956) 


In the incubated soils (Table 19), phosphate was gen- 
erally made less "available" by liming. Although low soil 
pH renders soil phosphate unavailable (Jackson 1969), liming, 
apparently only enhanced this problem. The unaffected soils 
(PR and 1) also indicated a marked reduction in “availabie" 


phosphate levels after the soils were incubated with Caco, . 


The "available" phosphate recovered from the green- 
house soils (A and B), was much lower on the high lime treat- 
ments as compared with the nil or low liming rates (Table 


20). For example, on soil B the "available" phosphate level 
in the 5 tons/acre Ca(OH)» and 6.5 tons/acre Caco. treatments 


was as high as the nil treatments. Even though equal amounts 
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of fertilizer P were added to all treatments, the low liming 
rates retained significantly more of this phosphate in an 
"available" form. The greenhouse soil results may point out 
a problem caused by excess lime applied for the purpose of 
neutralizing potential acidity. The excess Ca reacted with 
soluble phosphates forming a relatively insoluble compound. 
However, this apparent lowering of "available" P in the 
higher liming treatments was not accompanied by a -correspond- 
ing decrease in plant uptake of P (as observed in the plant 
analysis studies discussed in section E). Since the Miller 
and Axley (1956) method was designed to extract plant avail- 
able P from slightly acid, low Ca soils; this method may not 
remove as much P as is actually available to plants from soils 
with a high pH value and/or high Ca content. 

The results of plot 6 soil analysis (Table 21) indi- 
cated, also, that lime decreased the "availability" of soil 
phosphate. 

Tomlinson (1957) suggested that liming reverses the 
effects of acidity in cat-clay soils. That is, liming in- 
creases phosphate availability. But, all phosphate results 
obtained from the incubation, greenhouse, and field soils, 
disagree with this observation. Hart (1959) states that 
cat-clays require heavy phosphate applications in conjunction 


With liming an erder to tully reclaim Une soils, 


34 Svultate-—-sulfur 


Due to the very large amounts of elemental sulfur 
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deposited on some of the soils (as high as 20 tons/acre), 
the oxidation of elemental sulfur may cause the production 
of sulfate to be at a rate sufficient to cause some soils 
to be saline as well as acidic. In the second greenhouse 
experiment ,~the electricals conductivity results (Table) .9) 
indicatedy that soil K wastactually as salinessoil.as well as 
being very acidic. Thus, sulfate-sulfur was determined on 
the incubation, greenhouse, and field plot soils Eomoseerre 
the effect of lime on the soluble sulfate levels. of sulfur- 


Se71dafied Soils. 


The incubated soils (Table 19) showed- that the 
sulfur-acidified soils had an extremely high level of soluble 
80, -S (as high as 1.0% an soil A) as compared. to the un- 
auscuedisoil siPrand ie. Buty the coed application signifi- 
cantly lowered the soluble sulfate level in soils containing 
more than 1,000 ppm 50),-5 when not limed. This lowering of 
the amount of soluble sulfate by lime was probably due to 
the formation of Caso) which has a solubility of 2,000 ppm 
in cold water. The acidified soils exceeded this solubility 
lamit, if all the sulfate in the soil reacted only with Ca, 
For example, soil B had approximately 2,400 ppm sulfate in 
the soil solution. Therefore, a substantial amount of the 
sulfate reacted with other cations, such as K, Mg, and Na, 


to form compounds which are more soluble than Casd) - 


The application of lime did, however, reduce the 


threat of creating a saline soil situation as the result of 
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elemental sulfur oxidation. In the case of soil A, the 
sulfate-sulfur level after incubation was 10,000 ppm, but 
after incubation with lime the level was 1,400 ppm. 
According to Richards (1969) the electrical conductivity 
of a 6,200 ppm SO, solution (NagSO),) would be 12 mmhos/cm. 
The conductivity of a 620) ppm ‘sulfate (Na80, ) solution 
would be 1.6 mmhos/cm. Thus, the results from the incu- 
batsion experiment indicate that the addition of CaCO, 


prevented the development of soil A into a saline soil. 


In the acidified soils, there was a general rise 
in the sulfate level during incubation without Caco, (e.g. 
Sori. before: incubation had 1,400) pom oie while it 
contained 1,700 ppm after). This was due to sulfur oxi- 
dation durine incubation. In the second incubation experi-— 
ment (figure 5 and appendix V ), soil A oxidized 3,000 ppm 
of elemental sulfur over a 12 week period even though the 


Som iad sep eval we vot t2c0\, 


The greenhouse soil A (Table 20) also exhibited a 
marked decrease in $0)-9 in the lime treatments. But 
excess lime did not reduce the soluble sulfate level below 
tae of the Low liming applications, to any great degree. 
A 20 tons/acre application of Caco, lowered the soluble 
sulfave Level from &,400 ppm to 1,400 ppm. A 81.2 tons/acre 


addition of lime only reduced the sulfate to 1,200 ppm. 


For soil B (Table 20) lime had no reductive effect, 
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compared to the nil treatment, as to the pole content of 
the soil. This was because of the relatively low sulfate 


content of soil B (820 ppm SO) -S on the unlimed treatment). 


Thewresults for Waterton plot, Gi (Table +.) indicate 
that the rate of lime that raised the soil pH to neutrality 
was also the rate which decreased the soluble sulfate level 
the most. There were 2,800 ppm SO,-S in the 4 tons/acre 


L 
CaCO3 treatment and 1,200 ppm in the 29 tons/acre treatment. 


] 
4, Extractable Potassium, Calcium, Magnesium, and Sodium 


K, Ca, and Mg exhibited the same trend when compar- 
ing the pre-incubated soils to the unlimed incubated soils 
(Mabie +19) -eshateisj. inthe’ case ofeithe aeidisoimlceh a, 
B, N, E, F, and G) there was a general increase in extract- 
able K, Ca, and Mg after incubation (without lime). This 
can be explained by observing the increase in Al upon incu- 
bation. The soluble Al ions displaced divalent and monoval- 
ent cations (e.g. K, Ca, and Mg) from the cation exchange 


complex and, thus made these cations more easily extractable. 


For example, soil D showed an increase from 780 ppm 
to 1,100 ppm. of extractable Al after incubation.', This 
increase was accompanied by an increase of 0.34 mes /100re. 


to 3.9 me./100 g. for Ca; and 2.3 me./100 g. to 2.7 me./ 


LOO g.eior Mes 


1 Extractable denotes easily soluble plus exchangeable ions. 
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Certain elements in some soils did not exhibit this 
trend (e.g. me./100 g. Mg in soil B). This was probably 
due to a low total Mg level in this soil. That is, nearly 
all of the Mg in soil B could be removed by the extracting 


solution regardless of the increase in the Al level. 


tiePless"atiectved “and normal soils (Hy OF Pe vand=1) 
had nearly the same K, Ca, and Mg levels before anu after 
incubation. Also, the Al levels did not increase during 


LTMeubavLon. 


Sodium was not affected by incubation. This was due to 
the very low levels of Na in the soils, plus the fact that 
Na is easily displaced from the exchange complex. Therefore, 
all exchangeable Na was easily extracted and increases in 
complementary ‘soil cations did not result in an increase 


17 sor solution Levels: of Na. 


Incubation of the soils with lime, generally de- 
creased the amount of K and Mg which could be extracted 
when compared to the soils incubated without lime. Ca 
levels were, of course, drastically increased by the addi- 
SLO On, CaCO, to the soils. This lowering of K and Mg 
levels was probably due to the drastic decrease in extract- 
ayle Al “arcver liming. Since Al a6" uch monewel ecu sen 
displacing other cations from the exchange complex, than is 


Ca, more K and Mg would have been available to the soil 


solution before liming. 
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Again, extractable Na levels were unchanged 


Dymieither sollmecidityrori liming. 


The incubation results for K and Mg disagree some- 
what withthe findings: ofeKampartmand Foye l97i).. Ther 
Stated that naturally acid soils decreased K and Mg avail- 
ability to plants. From the results presented in Table 19 this 
conclusionscannou be crawn.a) Tha tes edincreac’ ne iso tl 
acidity has tended to increase extractable K and Mg, and 
liming did not raise extractable K and Mg levels over those 


LounG. in ohne acidified <sorls, 


The greenhouse soils (A and B) were cropped twice. 
The first cropping was for 18 weeks and the second was for 
6 weeks. Since numerous plants (for a total of 24 weeks) 
were grown on the soils, it was difficult to draw conclus- 
ions as to the effect of acidity and subsequent liming on 
nutrient levels in the soils. That is, comparisons between 
nil and limed treatments could not be made as there was 
eononderabicy plant srowthion the limedwiresatmenis, geiilsco, 
in the case of K, it was applied before each experiment in 
the form of fertilizer. But, general statements can be made 


concern ne 1, tCa, Me g ard? Navlevels tin uhese te0i-Lsx 


Extractable K was very low on all limed treatments 
on both soils. Although the nil treatment contained 0.36 
me./100 g. of K for both soils A and B, the limed treatments 


had as low as 0.01 me./100 g. (Table 20), This would indicate a 
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substantial removal of K by the plants. Thus, in reclam- 
ation of sulfur acidified soils, an application of K as a 


fertilizer would be recommended. 


In soil A, the Mg level was lowered in all lime 
treatments as compared to the nil treatment. Also, the high 
liming rates (60 tons/acre Ca(OH), and 81.2 tons/acre CaC03) 
further reduced the extractable Mg level over that of the 
lower liming rates. Again, very high amounts of lime may 


cause nutrient deficiencies of elements such as Mg. 


The Mg level remained unchanged by liming in soil 
B. This was likely a result of the lime applications being 


insufficient to alter the exchangeable status of Mg. 


The Ca levels were much greater in all the limed 
treatments for both soils because of the large amounts of 


lime applied to soil A and B. 


In both soils A and B, the extractable Na level 
seemed to be unaffected by liming, except for the very high 
CacO. rates (40.6 and 81.2 tons per acre) on soil B. These 
treatments of CaCO» had reduced the amount of extractable 
Na from 0.16 me/100 g. on the nil treatment to 0.06 me/100 


g. on the CaCO3 treatments. 


On Waterton plot 6 (Table 21), the K levels had 
been lowered on the lime treatments as compared to the nil 


treatment. But, as in the case of the greenhouse soils A 
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and B, there was plant growth on the treatments receiving 
Caco, . Thus, it was difficult to conclude whether all the 
K was removed by plant growth, or whether some of the de- 
crease was due to the lowering of K extractability by lim- 


ine. 


The levels of Mg on plot 6 seem to have been un- 
affected by liming. But industrial CaCO. was used*to lime 
plot 6 (and all Waterton field plots). This liming form 
contained up to 5 per cent MgC03. Therefore, substantial 
Mg was added when liming the soil. Hence, no conclusions 
can be drawn from plot 6 as to the effect of Cac0, on the 


extractable levels of Mg in the soils. 


As in the incubation and greenhouse soils, liming 


didenot alter the extractabiilaty of Navin pict o, 


The determination of K, Ca, Mg, and Na levels be- 

fore and after incubation with and without lime, before and 
Sneer applacabsonyot svariousirates of Ca(OH), and CaCO to 
soils in the greenhouse; and after applying CaCO, to a field 
soil indicated the following: 
i) Incubation of acid soils without lime increased the K, 

Ca, Mg levels extractable from the soils. 
ii) Liming did not increase the extractable K and Mg 

in the acidified soils, and there were indications that 

the extractable levels of K and Mg were decreased by lime. 


iii) Na levels in acidified, limed, and unaffected soils 
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were not affected by soil acidity or liming. 

iv) When liming sulfur-acidified soils, K should be applied 
acea. fherbila sen. 

v) Liming dramatically increased the Ca level in the soils. 
Thus, the natural ratio of Ca to other elements, such 


as Mg, was altered considerably. 


See oracua Le ala bands Mn 


In the incubation soils, the Al and Mn levels rose 
markedly after incubation without lime on the acidified 
sezlse(Ay DS By iNyek; obs randvG) << Ms stheshydrogen  2on 
activity of a “soil increases, the solubility of Almeompounds 
also rises. As seen in the first incubation experiment 
(figure 3), considerable elemental sulfurwas oxidized by 
acidified soils during incubation. This increased the soil 
activity of hydrogen, resulting in increased levels of Al 
in solution. The same reasoning holds for Mn. For example, 
soil D, before incubation had 780 ppm Al and 54 ppm Mn. 
After incubation, the soil contained 2,100 ppm Al “and 92 


ppm Mn in an extractable form. 


Incubation of the acidified soils with CaCO: , 
severely reduced the solubility and, thus, extractability 
of both Al and Mn. For example, soil D had a level of 2.8 


ppm Al and 3.0 ppm Mn after liming (Table 19) 


Blevins et al. (1969) stated that Al is the primary 
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cause of acid soil infertility in a sulfur-acidified soil 
as a result of strip mining in Kentucky. He further stated 
that lime readily neutralizes the aluminum toxicity. The 


Results presenved in Table 19 support these findings totally, 


The greenhouse soils (A and B) which contained up 
to 1,400 ppmtAl {in ’soik ©)itand 2,0%ppmilin (imesor 158) 
indicate very Tipeie extractable Al and Mn on all ‘liming 
treatments. The low liming rates of soil A (15 tons/acre 


Ca(OH )eeand e200) etens/acre CaCO3) and soil B (5 tons/acre 


Z 
Ca(OH)5 and 6.5 tons/acre CaCO3), however, showed an in- 
crease in Al and Mn levels over the higher liming rates 
(Table 20). These low lime treatments also had a pH near 
5.0 or lower. The higher Al and Mn contents and low pH was 
a result of sulfur oxidation stimulation by lime. The 


liming rates were not sufficient to compensate for potent- 


ial acidity due to elemental sulfur oxidation. 


The plant yield results from plot 6 (Table 13 ) 
indicate that only the high liming rate (29 tons/acre CaCO; ) 
produced adequate plant growth. When observing the chemical 
analysis of plot 6 soil (Table 21) the reason becomes evi- 
dent. The Al level of the nil treatment was 820 ppm, while 
the lower lime treatments contained 690 ppm Al and 230 ppm 
Al, The 29 tons/acre application had, however, reduced the 


Al level to a non-toxic amount of 1.4 ppm. 
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SUMMARY 


The analysis of these acidified, limed, and un- 


affected soils has yielded some insight into the effect of 


severe acidity and heavy liming of some soils. The primary 


observations afforded by the soil analysis results were: 


a5) 


zea) 


Tae) 


vi) 


sats) 


The soil nitrifying bacteria eventually regained the 
ability to nitrify after extremely acidified ‘soils 
Were Ame. SULIAL C1 ently, 

Considerable organic nitrogen was mineralized even 

aus SOL. pH Values, Ole SOs. 

Liming reduced the amount of "available" phosphorus in 
Be Orse. 

The large amounts of lime required to neutralize some 
sulfur acidified soils, severely distorted the Ca:Mg 
ravlo,.01 the Solls, 

The soluble S0),-5 content of a soil was reduced to 
below 1,500 ppm by lime applications sufficent to 
nevtralizce the soil acidity, 

The extractable Al and Mn levels were drastically in- 
e@reasedeby, Sulfur aciditicatton of sasol 1. heivery, 
high Al content was definitely the major cause of the 
sterility of these soils. 


Liming reduced the solubility of Al to levels which did 
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E. Chemical Composition of Plants Grown on Acidified, 


Limed, and Unaffected Soils 


From the chemical determinations on the limed and 
unlimed soils (section D) various chemical parameters of 
the soils were observed to have been considerably altered 
by sulfur acidification and subsequent liming. These 


alterations included very high Al, Mn, and SO, levels in 


Unesacid* soils; an-“increased Ca:Me ratie and ; lowered 
phosphate availability (as measured by the Miller and Axley, 
W956, “soil extraction method) “in the timed soils. "Hence, 
the chemical composition of plants grown on acidified and 
limed soils was determined on samples of whole oat plants, 
oat grain, and whole barley plants. The purpose of plant 
analyses was to observe the effect of soil acidity and 


liming on the chemical composition of the plants grown on 


these soils. 


1. Chemical Analysis of Whole Oat Plants: 

The whole oat plants from the second cropping of 
greenhouse soils A and B, and from Waterton plots 1 and 6 
were used for chemical analysis. These plants were chosen 
for "analysis in order to compare the effect of various 
rates of lime on the chemical composition of oats grown on 
Suliur-aciditied soils. 

(a) N and S content of whole oat plants: 

The oats grown in the greenhouse were harvested 


six weeks after planting; while the oats from the Waterton 


i a) toybrts, ove _ matt 


teeny 


tii 7 - : 7 . 
i] cy wae - 7 

Se 

, berlibisd ap meet? nanaitt ¥e 


_ ; _ 7 2 er Asie all_ba « famet 


‘ s - i _ a - 
ban liaetl sp Ag enoktentmroseh taptona ot mov% 
oS — pb. a 


eee ee ‘eworar (tt aybsous) exten f beat l car 
“ethtie Vi taseb2eage reed read oF hevivadc oni wriow otto ead 
openT paca oc aoa peenalirt: bite eobsaursibtos sey Taha 3 uo 
cal 2 ane i Dh tees Gey] hafestscd, ary rdeietin « 

is L @.S88 Gioey Shred t Pawar na jlton pion od - 7 

A thes an D5 00 oh? 4 he tare Genet me} qnbhis det reve scateeeiq — 
earah ,slovd bemty eae ni. (igcaer as ite since ‘Hon 8 a7 
nin | veaslthten an await, evante’ Te We Jigdeogess. Exatenity: 
gg 4 ~—— af ‘| + eo Femge iu Shuler a3 ob hem iad thos blind 
aig. te e@rgccg ot? -ngeki¢ qaiies Gla dw th 7 | therm ge0 
tase <t/ SEs Line. 80 fhe@e oils o¥rsedé Of av cana 


BS 2 aeizigogeas feoteed 9 or - i 


. 
p 


no freow;s apodgiq 


iednald 2) ‘ataibe Th ntreianh Ceo bite a 

io wrbyeles haoset a> eet w2nniy sae proton 2at pe “1 7 

A hee ) weude ae Jootsd writ _ ae siete enue - 
aoyaifa eins pnsaley wae WY saber ante, 2 td ae eer 


a a 
simina! Yo° ton te wil — no Be Fite Ht e tata a0? 
en we 


= yé | a embtt8 a at 7 ; 


an 
tition it tue 
ha 


: a fa masts 

. _—_e bode St ie te) 
7 = os 

ore saved Dect? eo Sh - 

i = . 

(aE s ” 


ali 


field plots were harvested before full maturity at approx- 


imately the soft dough stage of development. 


Chapman (1966) stated that 18 day old oat plants 
normally contain an average of 5.9%N. Oat straw at har- 
vest has a range of 1.0% to 1.1% N. Oat hay ranges from 


1.1% to 1.9% N (U.S. - Canada Feed Tables, 1969). 


For oat sulfur levels, the U.S. - Canada Feed Tables 
(1969) give the intermediate range for oat straw as 0.21% 
Setov0.2/2 5. Cabestraw 1s detvcient Inout che percentare 


ts 1éss than ©.06 (Chapman 1966). 


The greenhouse oat plants could be considered be- 
tweenmoas Nay ana young (1S day) oats asete: viesshace OF 
development when harvested. Thus, the N content of these 
plants should range from 2.0% to 6.0% N, with the majority 
being closer to the 2.0% level of N. The results presented 
in Table 22 indicate that all of the oats from the greenhouse 
experiment (except those from the 5 and 10 tons/acre Ca(OH), 
treatments contained greater than 4.0% N. This relatively 
high level of N was probably due to the very adequate fert- 
iligation of soils A and B. Each soil received a total of 


400 ppm N during the course of two greenhouse croppings. 


The total S content of the greenhouse oat plants 
exceeded the intermediate range (0.21% to 0.27%) in all 


eases (Table 22). This was a consequence of the extremely 
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Elemental analysis of whole oat plants grown on 


soils (A and B) that had received applications 


of different amounts oF Ca(OH) >5 and CaC03. 


Taple 22. 
Soil Treatment 
A 


15 tons/acre 
Ca (0H) 5 


30 tons/acre 
Ca (0H) 5 


60 tons/acre 
Ca (0H). 


20.3 tons/acre 
Caco. 


40.6 tons/acre 
Caco. 


81.2 tons/acre 
Caco. 


5 tons/acre 
Ca (0H). 


10 tons/acre 
Ca (0H) 5 


20 tons/acre 
Ca (0H). 


6.5 tons/acre 
Caco, 


13 tons/acre 


Caco, 


26 tons/acre 


Ccacod., 


pH 


180 


200 


50 
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high soluble sulfate levels observed to be present in 
sulfur-acidified soils; whether limed or unlimed (Table 


LF. 


The oats grown on Waterton plots 1 and 6 contained 
a normal,level of "N; but the Sscontent was} again; well 
above normal (Table 23). The lower N levels of these oat 
plants, as compared to the greenhouse oats, could ‘have been 


due to lower N levels in the plot soils. 


Tisdale and Nelson (1966) tindicated that the N:S 
ratio for whole oat plants, when grown on soils containing 
very adequate levels of S, should be, on the average, 6.0 
pes. “hey Turther stated thateoa rance of 10sd to 201 
is suitable for the N:S ratio of plant material to be fed 
to ruminants ./form-the: oats srowmronwsodl a" whe iN sS@racvios 
ranged from 4.3:1 (on the 15 tons/acre Ca(OH), treatment) 
em Teer aie lL Gere oe 60 tons/acre Ca(OH). and 81.2 tons/acre 
Caco, treatments) -e0nesoil Bie theoatwiis ratios ranged 
from 4.0:1 (on the 5 tons/acre Ca(OH), treatment) to 14:1 
(on the 20 tons/acre Ca(OH), treatment). These values 
indicate a very low N:S ratio on the low lime treatments. 
The N:S ratio, then, increased with an increase in the rate 
of liming. The results from Table 22 indicated that the 
higher liming rates did not appreciably lower the soil 


soluble sulfate level over that of the low lime treatments. 


But the oat N:S ratios point out that liming may have 
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resulted in the decreased uptake of SO) in the plants grown 


on the high lime treatments (Table 22). 


The oats from the Waterton field? plots (Tablesrz3 ) 
ati hadan NiS ratio ef approximately) 5:1.) Thus, the liming 
rates were not sufficient to interfere with uptake of SO 


4 
by the oat plants. 


When compared to the N:S ratios presented by Tisdale 
and Nelson (1966), the N:S ratios of the greenhouse and 


field oat plants were not abnormal. 


(bo) P Content of Whole Oat Plants: 
Chapman (1966) ives a range for mature oat 


plants from low (0.16% P) to high (0.40% P). 


The oats grown on the greenhouse soils (A and B) 
fell within the above P content range, even though the 
chemically extractable ("available") P levels in the soil 
were very low on the high lime treatments (Table 20). 
te “arse Cabtapplications lowered thepavailable™ PF an the 
Soil, butudid not inhibit the uptake of adequate P by’ the 
plant roots. These results showed an inadequacy of chemical 
extraction technique which attempted to remove from the soil 
the amount of P available to the plant. The analysis of 
the oat plants indicated that the amount of soil P actually 
in a plant available form was much higher than indicated 


by chemical analysis of the soil. 
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The oats from the Waterton plots (Table 23) had a 
low P content (0.09% to 0.15%), and the oats from the low 
lime treatment on plot 6 may have even been deficient in P 
(0.09%). In this case, the estimation of plant available 
RPoy chemical means was cornectsrrbotnuthe soi Tapes.) 
and plant P levels were low for plot 6. The deficient level 
of P in the oats grown on the 4 tons/acre Caco. treatment 
of plot 6, was likely due to the very acid pHnot the soil 
(3.0). Liming increased the P content of the plot 6 cat 


plants, but not to a normal level for oats. 


Both plots 1 and 6 received an application of fert- 
jlizer, which contained 100 lbs./acre P, before the plots 
were sown. Therefore, the P levels of the soils should not 
have been deficient for the growth of oats. The low plant 
P levels, thus, seem to indicate that both soil acidity and 


liming lower the amount of plant available P ina soil. 


The field results agree with Jackson (1969) who 
states that soil acidity decreases the plant availability 


OLALs 


(c) K Content of Whole Oat Plants: 
Chapman (1966) stated that oat leaves at 
flowering should contain between 0.78 to 1.56 percent K in 
order to fall in the intermediate ata Oat -siraw as in 


the low range if the K percentage is less than 0.83. 
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For the oats grown on soils A and B in the green- 
house, the K level never fell below 1.8 per cent and ranged 
as high as 5.4 per cent. The cat’ plants from both ‘soils A 
and B had a higher K content when grown on the Ca(OH). 
treatments as compared to the corresponding CaCO, treat- 


3 


ment. For example, on soil A, the 60 tons/acre Ca(OH), 
treatment had a plant K content of 5.4 per cent while the 


81.2 tons/acre CaCO, treatment had 2.9 per cent K (Table 22). 


The K content of the oat plants was probably a 
reflection of the fact that the soils were fertilized with 
ie During the first croppine vor (soil io theretwas no plant 
growth on the 60 tons/acre Ca(OH)>5 treatment. Therefore, 
the oats grown during the second cropping were the first 
plants to grow on this treatment, and thus had the benefit 
of a higher nutrient level as compared to the other liming 
treatments. The K level of the oats grown on this treat- 


ment was the highest of all the treatments for both soils. 


The oats grown on Waterton plots 1 and 6 possessed 
the same high K content as did the greenhouse oat plants 
Ciablers3) a= The K percentage of the oats grown on plot 6 
was, however, much lower in the 4 tons/acre CaCO, treatment 
than in the 29 tons/acre treatment (1.7% versus 2.4%). 


This was probably due to the very acid nature of the 4 tons 


/acre treatment (pH 3.0). 


Since the plots and greenhouse soils were all 
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fertilized with K, the plants contained adequate levels 
of K. Thus, no conclusions could be drawn as to the general 
efieets of sscit acidity and liming on plant avaidaple Level 
of K.in the soil. But soil acidity did prevent the uptake 
of K by oats grown on the low lime treatment of plot 6 
insquantaties as high as that of the oats grown on the high 


jime treatment. 


(d) Ca and Mg Content of Whole Oat Plants: 
Chapman (1966) gives benchmark figures for 
deficient and intermediate levels of Ca and Mg for various 


stages of development for a number of plant species. 


The oats from the greenhouse experiment using the 
acidified soils A and B were harvested at 6 weeks and had 
not yet developed heads. Chapman (1966) indicates that the 
intermediate range for Ca in the tops of young plants is 
1.10 per cent Ca, and for the tops of plants at flowering 
is 0.26 per cent Ca. Since the greenhouse plants were 
closer to flowering, the results shown in Table 22 indicate 
that all treatments for both soils contained an abnormally 
Wien levelvon Ca. | ihe Lower raves of lime resulvec gina 


decreased plant Ca level compared to the higher liming 


Rage Si. 


For Mz, Chapman indicates’ that the invermediave 
range for oats is 0.18 to 0.52 per cent Mg. For soil A 


(Table 22), the oat Mg level was above this range except 
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for the 60 tons/acre Ca(OH), treatment. This data reflected 
the extractable soil Mg content, where the 60 tons/acre 
Ca(OH), treatment contained a much lower extractable Mg 
than any of the other lime treatments (Table 20). The plant 
Mg status of oats grown on soil B fell within the intermed- 
late range. suggested by Chapman. This was, also, indicative 
of extractable soil Mg content which was much lower than 
for soil A (4.3 me/100 g. for soil A versus 0-40 me /100 Ze 


for souls), 


The high Ca levels contained in the oat plants were 
expected due to the very high Ca in the soil as a result of 
fimineg.© BuO, thellarse®applicatrons of Casserntouslysaicered 
the Ca:Mg ratio of the soils. Therefore, the question of 
whether or not excess Ca interfered with Mg uptake by plant 
tissue came to mind. By observing the data presented 
ime Tables 922 it would seem that Ca did not inhibit Mg 
uptake. For example, soil B had a low extractable Mg 
content, but the oats grown on this soil had a Mg status in 


the intermediate range. 


Another observation made from the Ca and Mg results 
was the CatMeeratios of the plant material. The soileratio, 
after liming, was as wide as 30 to l-and never less» than 10 
FoOluS = Butein thesosts prown on sollsrArandepwthe natio was 
never wider than 4:5 toveleand was asmlow-as 1 tom: 


Chapman (1966) andicates that®a ratio of 2yere3ito;l as 


normal. 
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The whole oat plants analysed from Waterton plots 
1 and 6 supported the previously discussed greenhouse re- 
sults (Table 23). The Ca and Mg percentages were well 
above the intermediate range. As before, even though the 
soil Ca:Mg ratio was as wide as 18 to 1, the plant ratio 
Was Never preater than 2.5 to 1.) Therefore, the uptake of 
Ca and Mg was regulated by the oat plants, and thus pre- 
Vented ar severe distortion of the natural CacMe ert Of: 


Oat CaASssiue. 


(e) Na Content of Whole Oat Plants: 
The Na content of oats grown on the greenhouse 
soils, A and B, exhibited a marked drop when the plants were 


grown on soils receiving Ca(OH), applications as compared 


2 
to oats grown on the Cal0. treatments (Table 22). For ex- 
ample, the oats from the 30 tons/acre Ca(OH), treatment of 
soil A had a Na content of 0.08%, while the oats grown on 
the corresponding CaCO3 treatment (40.6 tons/acre) had a 
Na level of 0.25%. The soil analysis results (Table 20) 
for extractable WNa icontentrot <obls: A and Bidadwnot re- 


Pleces this) trend. 


Chapman (1966) indicates that less than 0.023% Na 
is an intermediate level for oat blades. Also, growth 
reduction was observed in oats containing between 1.15% 
and 2.50% Na. Thus, the results from Table 22 indicated a 


hieh, but not inhibitory, level of Na in the oavs srowm in 
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the first greenhouse experiment. 


The oats grown on Waterton plots 1 and 6 reflected 
the soil Na levels. Plot 1 was located on a sandy, well- 
drained, knoll at Waterton (figure 1), which would indi- 
cate a low soil Na content. The oats from plot 1 had a low 
percentage of Na (0.005 to 0.006%). On the other hand, the 
Tapeses results andicaved that the plot Cason!» (sor lt) 
had a very high extractable Na content when compared to 
the other incubated soils. The plant Na content was, thus, 
muctr hieher an the plot © oats (0.13% to 07237)" than am the 


DLoOve Leoa ls. 


The Na content of the oat plants did not exhibit 
any general trends. In the greenhouse experiment, a high 
rate of Ca(OH), markedly lowered the Na uptake of oats 
grown on soil A. On the field plots, however, the Na 
Teveis of the oat plants were a reflection of the ~extract- 


sole Na in the sol. 


(f) Mn and Al Content of Whole Oat Plants: 


Chapman (1966) presents an intermediate range 
OL or pom Cooly Or pore Mnwand a dence vent level ol Or pom tor 
meweck ola whole oae plants: Pine plant level@ where Mi is 


toxic is greater than 3,000 ppm. 


The greenhouse oat plants had a range from 50 ppm 


to 590 ppm which indicates no deficient or toxic amounts of 
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Mn. From the greenhouse data, it was evident that plant 
Mn levels were proportional to the extractable Mn content 
of the soil, as stated by Bortner (1935). For instance, 
the low lime treatments of soil A (15 tons/acre Ca(OH), 
and. 20.3 tons/acre CaCO.) showed a rise in extractable 
Sou Mnpoue to, thet lowering of soil pi (Table 20)... The 


Gals? spreownoon these treatbmentsmhad.a 3.10 4. times. as) high 


Mn evel as \compancd to. the higher. Jiming: rates: 


Table co. indicates Ghat. the Mn Levels of the cats 
grown at Waterton were neither deficient nor nearing tox- 


det. 


Chapman: (1960) states: that Alvis noteescentia! for 
plant growth. Therefore, he presents no values for Al con- 
tent of oats. From the results of plot 6 (Tables 21, 23) 
it can be seen that Al uptake varied with soil Al levels, 
Pinte O, 4aescencexpent than did Mn. “That 16, the 4 tons/ 
acre CaCO3 treatment on plot 6 contained approximately 300 
times the extractable Al as compared to the 29 tons/acre 
treatment; but the oat Al content from the.low liming rate 
was only twice that of the oats grown on the high lime 
treatment. The pH of the 4 tons/acre treatment of plot 6 
was 3.0 and the oat growth on this treatment was seriously 
inhi bitedaby the Soil acidity. But thei contentior a bhese 
oat plants was not higher than the level in oats which 
exhibited no growth inhibition symptoms. Therefore, the 


oat plants did not have to absorb Al in order to be harmed 
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Ae PAE 
(g) Fe and Zn Content of Whole Oat Plants: 


The U.S. - Canada Feed Tables (1969) indicate 
that 500 ppm Fe is the intermediate level of Fe in oat hay. 
Piestoxie elével of Zn in mature oat leaves is from 1,700 
to 7,500 ppm Zn. A level of 20 ppm Zn is considered de- 


ficient in whole oat plants (Chapman 1966). 


The oats grown on soils A and B had an Fe level well 
below the intermediate range for oat hay (Table 22). This 
indicated either a low soil Fe content or that liming pre- 
vented Fe uptake or translocation in quantities normally 


Pound janeoats. 


In contrast, the Zn content of the greenhouse oats 
was well above deficiency levels, but did not near toxicity 


levels tor Zn (Table 22)4 


The oats grown on Waterton plot 1 had very low 
levels of both Fe and Zn. This was likely a consequence of 
total soil content of Fe and Zn rather than due to an ad- 
verse liming effect, as the fertility Cae Plow es0 ial 


was marginal because of the very sandy nature of the soil. 


On plot 6, the oat Fe content was comparable to 
that of the greenhouse oat plants, but was less than the 


intermediate level (200 ppm versus 500 ppm Fe). The Zn 
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level of the oats was close to a deficient level. From 
these oat results for Fe and Zn content, there was no 
general trend that could be attributed to soil acidity or 
Jimdgne. | Thus;) variations ianeplents coment. of) these ei 
ements was probably due to total Fe and Zn levels of the 


VWearrous.so2 ts. 


2. Chemical Analysis of Oat Grain From the iirieeesa Plots 
The grain obtained from the Teac plots was 

analysed in order to compare the effect on plant composition 

Che ining a neutral “soil, (Innisfail north alert) and 

of liming an acidified soil (Innistaiigsouth plot) 

Also, the Innisfail south plot supported growth on all 

treatment sub-plots. Thus, the oat seed was analysed to 

compare plants grown on an unlimed and limed sulfur-acid- 


oi Lec. sO1ie 


(a) Neand SG, Content of ‘CateGrain: 
Tie nowmal range of .N inoatserain is) la7% to 


2.3% N (U.S. - Canada Feed Tables 1969). 


The oat grain obtained from both the acidified 
(Innisfail south) and unaffected (Innisfail north) plots 
contained a total N level (2.2% N to 2.8%N) that was 
slightly above the normal range (Table 24). This was 


probably due to the application of N fertilizer to the plots. 


The total S content of the grain did not reflect 
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the soluble sulfate content of the Innisfail soils. The 
results’ from Table 19 indicate that the sulfur-acidified 
soil (N) contained 1,400 ppm 50, -S while the normal soil 
(Pyeconcaineds ppm SO) -S. However, the oat grain grown 
on the unlimed sulfur-acidified soil had a lower total S 
percentage than did the grain from the limed or unaffected 
Semis, Slhis  Sugrestssthat® the high sulfur assimilation 
observed in the greenhouse and field whole oat plants 
(Tables 22,23) was not accompanied by abnormally high S 


levels in grain obtained from these high sulfate soils. 


Tisdale and Nelson (1966) stated that a normal N:S 
Gaui, LOorsoal@erain as, On the averace, 16.2), ) Ther crain 
from tie Innisfail nerth plot (nermal soil) Had N:S ratacs 
Gola (on the nil treatment) snd lo.) (on the: jimed 
treavment) . Onthe Innisfail south vlot, the Nis ratios 
were 22:1 (nil treatment) and 20:1 (lime treatment). 
These ratios indicated that the catty erain from tne dnnisrar) 
plots was not abnormal as to the protein composition. The 
oat grain from the acidified plot (south) did have a 
eigeholy wader N:8 ratio than did the erain Trem the normed 
soil. This was due to a higher uptake of N in the oats 
from che south plot, accompanied by a slight decrease ino 


assimilation in the grain from the nil treatment of the 


aeu0dis ved seil*(Table 24). 


(or oP Content of Oat Grain: 
The usual range for P in oat grain is 0.23% 
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to 0.55% P (U.S. - Canada Feed Tables 1969). The oat grain 
from the Innisfail plots was at the lower end of this range 
(Table 24). The oats from the unlimed acid soil had a P 
level of 0.17% which was below the normal range. The oat 
grain grown on the limed acid soil had a P content of 0.24%. 
The oats trom the normal Innisfail soil) (north) had P 


levels of 0.28% (nil treatment) and 0.26% (lime treatment). 


As concluded for whole oat plants, the availability 
of P to the plant roots was lowered by soil acidity. Lim- 
ime of the acid soil reised the availability of Py, sbut nos 


to the level of the normal, unlimed soil. 


(che KiGomtentlor OateGcradn: 

The normal amount of K in oat grain ranges 
from 0.28% to 0.56% (U.S. - Canada Feed Tables 1966). The 
oats from both plots and treatments were within this range 
(Table 24), but the grain from the acidified plot was sub- 
stantially lower than that from the unacidified plot 
(Innisfail north). Soil acidity caused a decrease, from 
0.50% to 0.30%, in oat grain K content. Liming somewhat 
rectified this situation, but did not return the K level to 


that of the oats grown on the normal soil. 


Both of the Innisfail plots received the same 
applications of K as a fertilizer. But, the K contents of 
the oats grown on these soils varied considerably. Thus, 


it was concluded that soil acidity and liming both decrease 
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K uptaxe by oat plants, as the unlimed normal soil pro- 


duced oat grain with the highest K content. 


(dj) Cay and MevContentm of Oat: Grain: 
The U.S. - Canada Feed Tables (1966) indicate 
that the range for Ca content of oat grain is 0.03% to 0.19% 


Gasmand the Me ranze: ts 015% to 0.23%. 


The data from Table 24 showed that the Ca levels 
for the oats grown on the Innisfail plots, meee in the 
normal’ range (0.07% tor0.11%In) On thetiinnisfaal scum pret 
(the sulfur acidified soil) liming resulted in an increased 
Ca content of the oat grain (0.07% on the acid soil versus 
Opli7j@on the Limed soil). Lime had no efttecticon the ca 
level of the oats grown on the Innisfail north plot (the 


unaffected soil). &y 


The Mg levels, however, were all below the normal 
range of oat Mg content (Table 24 ); the oats from the 
Innisfail south (acidified soil) unlimed plot being the 
lowest. This was likely not a consequence of reduced 
availability of Mg due to soil acidity, but a maintenance 
of the natural Ca:Mg ratio by the oat plant. From the U.S. 
-Canada Feed Tables (1966), the Ca:Mg ratio of oat grain is 
1.0:1.5. Hence, the lower Mg level in the oats grown on 
the unlimed acid soil was likely a result of the inability 
of the plant to absorb adequate amounts of Ca. These 


results pointed out, as did the analysis of the whole oat 
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plants, that the oat plants regulated their Ca and Mg 


uptake in order to maintain a natural Ca:Mg ratio. 


(e) Na Content of Oat Grain: 
The normal range for the Na content of oat 
prein 1S =2o0 spomero 1, 120 ppm Na (U.S. - Canada Feed Tables 
1969). 


The Na level of the oats grown on the Innisfail 
plots (Table 24) was well below this range. This was 
likely due to a low soil level of Na as neither liming nor 


SOul "acidity appreciably changed the oat srain- Na “content. 


(2) Mine ves Al Wand 7 Content of Oat Grain: 
The intermediate Mn content of oat grain is 
43 ppm, and the intermediate range of Fe in oat grain is 


20 ppm to 140 ppm (U.S. - Canada Feed Tables 1969). 


From Table <4, a comparison of the oat grain from 
acidified, limed and unaffected Innisfail soils indicated 
ltt le effect of either acidity or lamines on plane uptake 
and translocation of Mn or Fe. The oat content of Mn and 


Fe was within the normal range for Oats; on both soils and 


treatments. 


Mae Al content of the oat grain Trom the uniamed 
acidified soil (Innisfail south, nil) was only double that 
of the grain grown on the normal soils (Table 24). However, 


the extractable Al level of the acidified soil was very 
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much higher (Table 19). Therefore, Al, seriously inhibited 
the oat growth at Innisfail (acid soil) without being 
reflected by large quantities in the grain of the oat 


plants. 


The Zn content of the oat grain tndicated no trend 
corresponding to increases in either soil acidity or liming 


(Table 248 


Since the oat content of the micronutrients (Mn, 
Fe, or Zn) did not vary consistently with increases or 
decreases in soil acidity, the oat grain level of these 
nutrients was probably a consequence of the total soil 


levels. 


3. Chemical Analysis of Whole Barley Plants 


The barley samples were obtained from a greenhouse 
experiment. The object of the experiment was to obtain 
information as to the effect of extremely high lime appli- 
cations (up to 50% of the soil weight) on plant growth. 
The soils used for the experiment were a very acid soil 
containing a large amount of elemental sulfur (soil K) and 
the unaffected soil from Waterton (soil I). The elemental 
composition of barley was determined to observe the effect 
of very large amounts of lime on the composition of plants 


grown on an acidified and normal soil. 
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(a) N and S Content of Whole Barley Plants: 

The intermediate range for the N content of 
barley hay is 1.2% to 1.7%.N (U.S. -Canada Feed Tables 
1969). Barley straw is deficient in N if the level is 
less than 0.40% N, and the critical N level is 0.80% 
(Chapman 1966). 


Five week old barley tops should contain about 
0.27% S to possess an intermediate S level. LOxXUVCIGY 
symptoms are prevalent if the S content exceeds 0.54% 


(Chapman 1966). 


From table 25, it is evident that all barley plants 
corvain an apnormally high level orsN (3.2% to 6.1%). 
with the barley from the lower liming rates (42 tons/acre 
and 146 tons/acre) of the sulfur-acidified soil (K) having 


the largest N content. 


The S values from Table 25 may indicate an addition- 
al cause of poor growth, besides high Al and Mn levels, on 
sulfur-acidified soils. Even after heavy lime treatments 
the soluble sulfate content of the 42 tons/acre and 146 
tons/acre treatments of soil K was sufficiently greater 
to result in a barley S level of 1.2%. According to Chapman 
(1966), barley containing more than 0.54% S will exhibit 


sulfur toxicity symptoms, 


The S content of the barley grown on the normal 


soil (I) was below the intermediate level of 0.27% for all 
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treatments. A comparison of the barley grown on soils K 
andedyindicated, econclusivelys that thethiehilevels ofS 
exhibited by plants grown on sulfur-acidified soils was 

a result of the abnormally high sulfate content of these 


Sons: 


The above normal amount of N in the barley plants 
was probably due to the high level of soil N that resulted 


Prom ceria ligano. 


TheaN:S*ratio of barley plantsmis 675: 1 whenterown 
on soils containing high. levels of S (Tisdale and Nelson 
26660) Ne) Theol Si vrata ostohithet barley. grown -on-scoil K ranged 
fron or Lontthe@h2 tons/acre. treatment) toro sOnt (on che 
582 tons/acre treatment). On the other hand, the barley 
from sol . (mormal) had N:S ratios from 16:2 to: 20-2. 
These results indicated that the large variations in N:S 
ratios, between the barley plants grown on soils K and I, 
were likely due to the wide differences in sulfate content 


bebween a normal soil (1) andraxsulfur-acidifiedesonmi (Kk). 


(b) P Content of Whole Barley Plants: 
Chapman (1966) indicates that barley leaves at 
tillering stage should have an intermediate range of 0.27% 


P and a level of 0.17% P is considered low. 


The barley plants obtained from the greenhouse ex- 


periment were harvested when green and not yet in the flag 
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leaf stage. The results from Table 25 indicate that the 
barley contained adequate levels of P on both soils for 
all treatments. For the barley grown on soil K (acidi- 
fied soil), the low lime treatment (42 tons/acre CaC03) 
contained significantly less P than the high lime treat- 
ment (582 tons/acre Cac03) - 0.20% P versus 0.30% P, 
respectively. Since the 42 tons/acre Cac0, treatment had 
been reacidified, the uptake or translocation of P was 
decreased by the acidity. The barley grown on the normal 
soil from Waterton (soil 1) had the same P content regard- 
LesstOn sue treatment... elhat cuss the banley fromethie ana. 
treatment and the 582 tons/acre CaCO, treatment had the 
equivalent P status. Therefore, liming did not reduce the 


avast lability of-kRitoythe splant.., 


(c) K Content of Whole Barley Plants: 
The critical level for barley K content. is 


0.92% in leaves and 1.01% in stems (Chapman 1966). 


The barley from all treatments had a K percentage 
well above these critical levels (Table 25), due to a K 
fertilizer application. For barley obtained from both 
soils K and I, there was a slight decrease in the K content 
as the liming rates increased. This may suggest a minor 


interference by the very large concentration of Ca with the 


uptake of K. 
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(d) Ca and Mg Content of Whole Barley Plants: 
The U.S. - Canada Feed Tables (1969) suggest 
that the intermediate level of barley straw is 0.34% Ca 
and 0.19% Mg. Chapman (1966) indicates that an intermediate 
Téeyel of Ca for young wheat plants 1s 1.38%, and 0.27% to 


0.46% for Mg content of wheat plants. 


From the data presented in Table 25 the karley 
grown on soils K and I contained intermediate to high 
levels of both Ca and Mg. As expected, the Ca percentage 
increased from 0.88% to 1.1% as the soil Ca level was raised 
by timine. “The barley from soil K (acidified soil) decreased 
in Mg content as soil Ca increased (0.54% on the 42 tons/ 
acre treatment). But the Ca:Mg ratio remained near the 


Horie beravrocer 2s lefor barley. 


On soil 1 (mormal)= the Ca-:Me racio decreaced 
slightly with an increase in liming rate, but the total Mg 
uptake was not affected by liming. Thus, as previously 
disecuseeo.. a drastic alteration ol the ratiovor Casto ouner 
Soi canoe, Sspecitically Me. du etne 801 lewacemouer el leccved 


in the Ca and Mg content of plants grown on these highly 


limed soils. 


(e) Na Content of Whole Barley Plants: 


The intermediate range for Na content of barley 


leaves is 0.09% to 0.16% (Chapman 1966). 


The results for barley analysis (Table 25) indicated 


eet 


<9 o% . 
’ 
t 


A edew 


ots, 


ja oe ne Ac } Uo} 7 a a | manna 5 aw vite. eno 2 fa Bal) 5 adit is 
= : Ta : 7 «shh. —— oath 
eal 


7 Sea ae 

git baw wtb), 

ee fo baw wD (B) : 
ud \OORLS wedsia? beet shat - = ott a 
RaAt.6 a) waite eelawn 7) tavel _otaibonre tnt. gil art eld 
byni ce 2ade Geues tere (ae) Mager! aM Wel. aan 
,R2.. 61 aie,  twasky ‘qiuroy wot did reve: 
sch ‘(YOne 3o, 2nes09, aM me 

i! oa eral mitt wee wae 


- > a a 
te cit thems on) Garkinrae: r bam r alio® no * 


ae 
amg at Gre LPP FSSGRe aA De a fitod te vel 
; : 
ver oe) Ste 442 SACS. T o¢ 83 0 sperre”t teassht ree : 
fico aeftthien) 2 Liew aot or aa? sartt Yd 


. 
ae 
; - 7 - _ Es 
pak tok? cl rise ts on etme 
— 7 


> fendamet Teter GRAD St? cut choemectantl wis : 


1 #8 
welaad m> '2;S Io ottay vis om 7 
a 
xanesmaus Qhieet GGA! CHT 4 ¢ sre) Lian AD a 
: 7 -—» ¥ 


7 ae 
‘ 2 100 .o8we gelmet nt eeeetoe! is one 
ethan, sm: ea! .»gmindt Est tatueTie tor aw vdety) 


e" otter BAe Ve Be bSevetle 3 abrqeth 5 bs ABKIDE 2) 


96% & aug ais th A elas thiooge sags vp the 


4 


I _ 
re 


oe 
ivi sed cal ce 3 smn ere8 wt te) es 


Son a ne — panniers wt 


in) a 


13? 


that barley for both soils and all treatments contained low 
levels of Na, but liming caused an increase in Na content 
of the barley grown on the normal Waterton soil (I). In 
soil K, the Na level of the barley was unaffected by lim- 
aie. 

The 3 fold increase in barley Na content observed 
when the normal soil (I) was limed, may have been due to the 
high Ca levels in thelimed treatment. The saturation of 
the soil with Ca would have displaced any Na on the exchange 
complex into solution, thus, making the Na available to the 


barvey roous . 


(tf) Al, Mm, Fe and. Zn Content of Whole Barley, Plants: 

Chapman (1966) indicates that a level of 109 

ppm Al in barley leaves is considered high and barley tops 
containing 7/0 to 1,000 ppm Mn have a, toxic level, of, Shis 


element. 


The U.S. - Canada Feed Tables (1969) indicate that 
300 ppm Fe is the intermediate level for barley straw. 


Barley hay has an intermediate level of 39. ppm Mn. 


Mature oat leaves will show toxicity symptoms when 
In levels are from 1,700 ppm to 7,500 ppm. Oats will have 
symptoms indicating Zn deficiency when the whole plant 


contains less than 20 ppm Zn (Chapman 1966). 


As in the Mn content of whole oat plants, the 
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barley Mn level decreased as the liming rate increased. 
According to the literature (Morris 1948), the Mn content 
of plant tissue is well correlated with extractable levels 
of Mn in the soil. Therefore, the lowering of the amount 
of plant Mn was probably due to liming which lowered the 


soil Mn level. 


The Al content (Table 25 ) of the barley was well 
below that indicated as high (109 ppm) by Chapman (1966). 
Since plant growth was harmed by soil acidity on the 42 tons/ 
acrestreatment, “itewas’ concluded, “again, thatwAb uptake by 
the barley was not necessary in order for the Al to inhibit 
plant growth. Root injury by Al was probably the reason 


fostthe lacktotshealthy snowvheof barley von *thesacidysoul, 


The content of Fe and Zn (Table 25 ) was neither 
deficient nor approaching a toxic level for barley grown 
on all treatments of both soils. The Fé content: of the 
plants showed an increase on the high lime treatments (146 
tons/acre and 582 tons/acre) of both soils over the nil 
treatment (soil I) and the 42 tons/acre treatment (soil K). 
Thue, Liming may have increased *the availability of Fe an 
these soils, but the Zn level of the barley was not affected 


appreciably by soil acidity or liming. 
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Summary 


The plant material grown on acid (pH 3.5), reclaimed, 
and nonaffected soils was analyzed to find whether or not 
acidity or liming significantly changed plant composition. 
The soil analyses (section D) showed that changes in pH 
altered the solubility of certain soil chemical constituents 
and liming greatly increased the Ca level of the soil. Thus, 
the limed and unlimed sulfur-acidified soils differed con- 
siderably in their chemistry, and both were different than 
normal soils located in the same vicinity. Even though all 
soils received N, P, and K fertilization soil acidity and/or 
liming may have resulted in alterations in normal plant comp- 
osition, The following toner was provided by plant 
Shy RIC Mois 
(a5) The N level was, for the most part, above normal in 
the plant tissue. This was probably a result of 
fertilization. The S content was very much above the 
usual level in the plants grown on the sulfur-acidified 
soils due to the very high sulfate content of these 
soils. The N:S ratios of the plant material were 
narrowed down to 5:1 on the limed and unlimed acid- 
ified soils and were in an average range in the plants 
from the normal soils (about 16:1). 

(ii) The plants grown on heavily limed soils had a P status 
equivalent to plants from normal soils. The plants 


from acid soils, however, had a lower P content than 
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the plants obtained from normal or lime neutralized 
SGisbe. 

The plant levels of K, Ca, and Mg,were all lower in 
plants grown on acid soils as. compared to those from 
Dhe, corresponding uneacidified soil. “liming of the 
acid. so1ls inereased, plant uptake of K. Ca, and Me. 
As liming rate increased the plant Ca level increased. 
But there was no definite effect on plant K and Mg 
levels induced by overliming with CaCO, or Ca(OH). 
The amount of Na in oat or barley tissue did not 

show a definite trend which could be attributed to 
either soil acidicy or ae CacO3, however, 
promoted a greater Na uptake than did Ca(OH)... 

In the case of the micronutrients Mn, Al, Fe, and 

Zn, acidity and liming only produced consistent vari- 
ations in the uptake of Mn. The plant level of Mn 
Varied with soil pH. That. is, liming reduced plant 
uptake of Mn. On the other hand, plant Fe, 4n, and 
Al levels were not lowered by liming. Any deficient 
levels of Fe or Zn would likely be a result of low 
botal levels in the soil, rather than due to soil 
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V. SUMMARY AND CONCLUSIONS 


Investigations conducted at the Shell Canada gas 
processing plant near Innisfail Alberta had shown that 
liming restored plant growth to one mildly sulfur-acidified 
soil (Nyborg and Schurer 1972). At the Waterton plant an 
acidity problem had developed that was much more wide- 
spread than at Innisfail. The soils that comprised the 
acidified area at Waterton had a wide range of pH values 
(1.75 to 4.0) and* varying Tevels of unreacted elemental 
sulfur. Therefore, in reclaiming the soils it was considered 
necessary to neutralize present acidity as well as that re- 
sulting from oxidation of unreacted elemental sulfur. Be- 
Gatise of thas, and due to the variations=1nesoll. ph, some 
soils would inevitably be overlimed in the process of re- 


Clamat Lon. 


Field, greenhouse, iygabe acne and laboratory ex- 
periments were undertaken, using a variety of soils, with 
the objectives of determining the form, amount, and place- 
ment of lime necessary to return plant growth to sulfur- 
acidiio cd sollss and®determiningrtheveriect-cl vacadaty and 
liming on- soil and plant chemical composition. A secondary 
incubation experiment had the purpose of determining rate and 
amounuroL Sulfur Ox1dacron ine sols, sand=vo Pindehow aeid, soils 


wouLd*® become from sulfur oxidation. 


From these experiments the following observations 
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and conclusions were drawn. 

1. The form of lime best suited for use in reclaiming 
sulfur-acidified soils was Cac0.. The soileneutraliz- 
ing ability of CaCO; was similar to that of Ca(OH)., 
and excess amounts of Caco, did not raise the soil pH 
above 7.5 and promoted good, normal plant growth. On 
the other hand, Ca(OH)» applied at rates above that 
required for soil neutralization raised the pH to»a 
PoOAne inhibiting planvserowon. 


2. When comparing CaCO. and MgCO. as to their ability to 


3 


eecleim sullur-aciditied Soils, 10 was, tound that MgCO., 


did not lower the soluble#S0, level sufficiently to 


L 
prevent plant-<injury due to soll “salinity. Crushed 
limestone containing more than 5% Mgco., Was On one 
value in reclaiming a sulfur-acidified soil. 

3. The amount of lime required to reclaim a soil made acid 
by E suis Sy arere SERRE was that amount which neutralized 
present acidity plus the acid produced from elemental 
sulfur oxidation induced by liming. 

4. When applying lime to a soil, it should be incorporated 
as deeply as possible into the soil. The downward 
diffusion of lime was insufficient to neutralize acid 
soil below the depth of lime application. Since plant 
roots are not viable in acid soil, the root zone of 


deep acid soils will be very shallow. Thus, in times 


of low precipitation, plants grown on these soils will be 
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subject to moisture stress. 
After additions of sulfur to normal and limed soils, 
the sulfur was quickly oxidized and lowered the pH to 
£.5. The oxidation rate was most rapid in a limed soil 
that was previously acidified. 
The chemical: analysis of. acidified, limed, and unaffected 
soils indicated: (hat nieh sot solution levels or al 
(and in some instances Mn and S0,,) was the primary cause 
Of 'so0rl sterility in the -sulfun-acidified soils: 
amine on acidified souls swith Caco, or Ca(OH), decreased 
the extractable Al and Mn to non-toxic levels, somewhat 
lowered the solubility of 80) 5 and drastically altered 
the Ca:Mg ratio of the soils. 
Taesmineralization of N (both “chemicalvand bielorical) in 
sulfur-acidified soils resulted in accumulation of ammon- 
ium to approximately the same extent as that found in 
normal soils. There was virtually no nitrification in 
soils of pH 4.5 or lower. Liming eventually restored the 
abl oy Ofetnersolis 20. Miurigy. 
The analysis of oats and barley grown on acidified (pH 
3.5), limed, and unaffected soils indicated that soil 
acidity did not result in an abnormally low N:S ratio, 
decreased the availability of P to the plants, and 
increased the plant uptake of Mn. Also, liming did not 
result in an abnormally high Ca:Mg ratio within the 
plant, increased the P uptake of plants (but not to the 


level of P present in plants grown on normal soils), and 
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increased plant uptake of Ca, Mg, and K. 


The greenhouse and field plot experiments, and the 
enémical analysis of soils and plants Aree considerable 
resistance of soils to permanent damage and infertility. At 
Waverton, much oficthe soil had been acidified to pH 2-0 for 
a period of up to ten acho Therlarge Gconcentratvons fol 
sulfuric acid in the soils had seriously altered many of the 
microbial and chemical processes normally found in unaffected 
soils. Butvetter limingj the tsonls déerda ipereaertited their 


fertility and were able to produce good, normal plant growth. 
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Appendix II. pH of soil B (incubation). 
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APPENDIX VI 


DH of soils C and D from laboratory tube experiment 
concerning downward movement of lime in bush soils 


Treatment Sremial Depth pH 
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* Intact designates soil as found in bush. _ 
*k Surface removed designates that the sulfur containing 
surface inch of soil removed. 
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APPENDIX VII 
Modified Hart (1961) Method for Determining Elemental Sulfur 
Levels in Soil and Water 
I. Preparation of a Standard Curve: 

Dissolve 0.01 g. elemental sulfur in 100 ml. of 
reagent grade acetone to prepare a stock solution. Pipette 
eye, GO, °S56 105 15. and 20"ml. of stock solution into 100 
ml. volumetric flasks. Add enough acetone to each flask 
im order tor havera <O ml. volume of acetone in the flasks. 
Add distilled water to each flask, while agitating, to brine 
the total volume to the mark. Allow the solutions to sit 
for one hour to permit optimum color development. The 
solution turbidity is then determined on a colorimeter set 
at 430 mu. Plot - the results on semi-log graph paper with 


ppm elemental sulfur versus per cent transmittance. 


Ze Determination of Elemental Sulfur in Soils: 

Oven-dry the soil at 70°C overnight to eliminate 
any possible error due to variations in soil water content. 
Pass the soil through a 16 mesh seive before extracting. 
Bxaract the soil in acetone for one half hour using plastic, 
round-bottomed, centrifuge tubes. Be sure the tubes are 
stoppered with cork stoppers as rubber contains sulfur. Use 
a shaker, for extraction, which gives a reasonably vigorous 
agitation to the solution, 

After shaking, centrifuge the solution at approxi- 


mately 2,000 r.p.m. for 15 minutes to remove any suspended 
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particles from the solution. 

Take a- suitable aliquot of the supernatant (2.0 ml. 
to 20 ml.) and pipette into a 100 ml. volumetric flask. 
Make the volume to the mark with distilled water and allow 
to sit for one hour. Then determine the per cent trans- 
mittance. Determine the concentration of sulfur in the 
Soil by Use of the standard curve. 

When dealing with sulfur-acidified on the level 
of elemental sulfur in the soils varies widely. Thus, 
extraction ratios and aliquots must be adjusted accordingly. 

When extracting a soil, it as desireable to have 
a low acetone to soil ratio in order to increase the accur- 
acy of the determination. But, the solubility ef sulfur 
in acetone is only 400 ppm. Thus, many soils will exceed 
the solubility range except when a very small sample is 
extracted ina large volume of acetone. 

HORMMOSeSOLUS, aaratio Or 102 .80t. SOLl vn, 5 Omme. 
of acetone is suitable. But, a soil containing more than 
10,000 ppm elemental sulfur (10 tons/acre) will exceed the 
solubility of sulfur in acetone when this 30 to 1 extraction 
ratio 26 used. 

In order to determine the correct extraction ratio 
to employ, use the following trial and error method. Ex- 
tract the soil with the 30 to l ratio. If a 2ml. to 20 ml. 
aliquot of extraction solution yields a reading of more than 


15 per cent transmittance, then the solubility range has not 
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been exceeded. If a 2 ml. aliquot (do not use an aliquot 
less than 2 ml.) reads less than 15 per cent, then the sol- 
ubility limit is being approached. Therefore, re-extract 
the soil using more acetone or less soil (do not use less 


Pieniver0).5' eo. samowe). 


3. Determination of Elemental Sulfur in Run-off Water: 

Pass the water sample through a #42 filter paper 
to remove all suspended particles from the soil. Dry the 
Ppltrate (plus filter paper) in an oven at 70°C, ) Measure 
the volume of water from which the filtrate was obtained. 

Arter drying the filtrate, place it. in a 500 ml; 
erlenmeyer flask and add acetone at one of the following 
rates: if there is no visible sulfur add 200 ml. of 
aceuones if ja few particles are visibie edd 300 mi.; and 
ae te number Of particles of sudifur are visible add. 700) on 
more ml. 

Shake the solution for one half hour to dissolve 
the sultir, If some sulfur is strll visible in the bovvem 
Ge themlask, shake Che solutaonm for 2 hours. Aiter < 
hours, if any sulfur remains, add more acetone and continue 
shaking the solution. 

When all sulfur is dissolved, take a 2 ml. to 20 ml. 
aliquot of solution and determine the level of elemental 


sulfur in the water as described for soil. 
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